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Faults and related damage zones are the most ubiquitous and effi-
cient conduits for fluid migration in the Earth’s crust (Kerrich 
1986; Caine et  al. 1996; Curewitz & Karson 1997; Aydın 2000; 
Sibson 2000; Tripp & Vearncombe 2004; Nelson et al. 2009; Per-
son et al. 2012). If faulting affects areas characterized by geother-
mal anomalies promoting hydrothermal systems, bedrock damage 
will give rise to a network of connected fractures enhancing perme-
ability in the rock masses, which promotes circulation and 
upwelling of hydrothermal fluids (Sibson 2000; Bellani et al. 2004; 
Rowland & Sibson 2004), often triggered by CO2 pressure fluctua-
tion (Uysal et al. 2009) and seismic activity (Gratier et al. 2002; 
Becken et al. 2011; Becken & Ritter 2012).

In this background, thermal springs are found aligned along the 
traces of relevant faults and/or related fractures, often suggesting 
their geometrical attitudes (Curewitz & Karson 1997, and refer-
ences therein). Such springs can deposit carbonate masses (Ford & 
Pedley 1996; Pentecost 2005; Gandin & Capezzuoli 2008; Pedley 
2009; Capezzuoli et  al. 2013) if the fluids are characterized by 
appropriate chemistry (i.e. bicarbonate-supersaturated fluids). In 
the same way, the location, age and geometry of travertine bodies 
can helpfully contribute to infer the structural and permeability fea-
tures of the main tectonic element triggering fluid circulation (e.g. 
Altunel & Hancock 1993a,b; Faccenna et al. 1993; Hancock et al. 
1999; Martinez-Diaz & Hernandez-Enrile 2001; Brogi & 
Capezzuoli 2009; Temiz & Eikenberg 2011). Among the travertine 
bodies deposited from hydrothermal fluids discharged from tec-
tonically controlled thermal springs (Hancock et al. 1999), traver-
tine fissure-ridges (Bargar 1978) are an attractive subject for study, 
as their shape and internal architecture can reveal much about the 
geometry and kinematics of the main structure hidden by the trav-
ertine body (e.g. Brogi & Capezzuoli 2009). Accordingly, fissure-
ridges are useful morphotectonic features to locate faults and/or 
associated fractures occurring in areas affected by neotectonics 
and/or active tectonics.

Several fissure-ridges described around the world (Altunel & 
Hancock 1993a,b, 1996; Çakir 1999; Guo & Riding 1999; Atabey 
2002; Altunel & Karabacak 2005; Yanik et al. 2005; Mesci et al. 
2008, 2013; Brogi & Capezzuoli 2009; Selim & Yanik 2009; 
Temiz et al. 2009; Temiz & Eikenberg 2011; De Filippis & Billi 
2012; De Filippis et al. 2012, 2013a,b) are straight or curvilinear in 
plan view and can be up to 2.5 km long, 400 m wide and 20–25 m 
high. A typical fissure-ridge (Fig. 1) consists of a triangular-shaped 
body made of bedded carbonates dipping away (from 5° to 90°) 
from a central fissure(s) running along its long axis. The central 
fissure(s) corresponds in depth to a bundle of veins ranging from 
some millimetres to a few metres in width, filled by vertical lami-
nated palisade or fibrous calcite and/or aragonite (described as 
banded travertine by Altunel & Hancock 1993a,b). The veins come 
upwards from the bedrock, which is hidden below the bedded trav-
ertine. Banded travertine mainly develops on the walls of the fis-
sure by upwelling thermal waters that afterwards flow out at the top 
of the ridge, promoting its progressive construction. Banded traver-
tine can also grow as sill-like structures and injection veins (see 
Uysal et al. 2009; De Filippis et al. 2012), giving rise to a more or 
less complex vein network. Thus, the internal architecture of the 
ridge, its morphology (both in cross-section and in plan view), and 
banded–bedded travertine relationships can reveal much about the 
fissure-ridge evolution and brittle deformation affecting the sub-
stratum.

Although there is a general consensus that travertine fissure-
ridges are tectonically controlled bodies, various mechanisms and 
growth processes have been proposed to explain their develop-
ment. Concerning the mechanisms, some researchers have related 
fissure-ridges to progressive enlargement of dilatational fractures 
affecting the bedrock (Altunel & Hancock 1993a,b; Hancock et al. 
1999; Mesci et al. 2008; Temiz et al. 2009); in contrast, others have 
demonstrated that travertine fissure-ridges are syntectonic deposits 
growing along tracts of fault traces (Altunel & Hancock 1996; 
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Brogi & Capezzuoli 2009). Concerning the growth processes, some 
workers have assumed that the coeval deposition of banded and 
bedded travertine is tectonically controlled and related to the pro-
gressive dilatation of the ridge (Altunel & Hancock 1993a,b; Çakir 
1999; Mesci et al. 2008; Temiz & Eikenberg 2011), whereas others 
have suggested that banded and bedded travertine were deposited 
at different periods owing to the combined effects of climate, local 
subsidence and gravitational collapse of the ridge (De Filippis et al. 
2013a,b). De Filippis et  al. (2012, 2013a) hypothesized that fis-
sure-ridges grew preferentially during warm and/or humid periods 
and were cut by axial veins and sill-like structures (banded traver-
tine) during arid periods. In their hypothesis palaeoclimate oscilla-
tions must have controlled the amount of fluid discharge influencing 
the opening of the feeding fractures by an increased pore pressure.

With the aim of contributing to the better understanding of the 
processes promoting the growth of the travertine fissure-ridges and 
in an attempt to obtain a conceptual model for their development 
mechanism, the Çukurbağ fissure-ridge, located in the Pamukkale 
geothermal area (Fig. 2), western Turkey, has been examined in 
detail. Although many fissure-ridges and travertine bodies associ-
ated with active normal and strike-slip faults have been described 
for western Turkey (Altunel & Hancock 1993a, b; Çakır 1999; 
Hancock et  al. 1999; Atabey 2002; Altunel & Karabacak 2005; 
Yanik et al. 2005; Mesci et al. 2008; Selim & Yanik 2009; Temiz 
et al. 2009; Kele et al. 2011; Temiz & Eikenberg 2011; De Filippis 
et al. 2012, 2013a,b), we deal with the Çukurbağ fissure-ridge, as it 
has been investigated by several researchers who have proposed 
different and contrasting hypotheses: it was considered to be (1) 
developed on a dilatational fracture (Altunel & Hancock 1996; 
Hancock et  al. 1999), (2) induced by increasing pore pressure 
owing to climatic fluctuation (De Filippis et  al. 2013a) or (3) 
deposited in a subsiding area related to its progressive weighting 
(De Filippis et al. 2012). In addition, the Çukurbağ fissure-ridge is 
inactive and was partially quarried during the Roman period (Fig. 
3), therefore offering an opportunity to investigate its internal parts, 
which were uncovered by the excavation. For all these reasons this 
travertine body represents a key fissure-ridge for investigation.

Geological setting

The Çukurbağ fissure-ridge is part of the Quaternary, still active 
travertine body exposed in the Pamukkale geothermal field (near 
the ancient Roman town of Hierapolis), which covers an area of 
about 10 km2 (Altunel & Hancock 1993a,b), located in the north-
eastern margin of the Denizli Basin (Westaway 1990, 1993, 1994; 

Alçiçek et al. 2007), in the Western Anatolian Extensional Province 
(Bozkurt 2001, 2003; Fig. 2), one of the most seismically active 
regions in the world (Eyidoğan 1988; Ambraseys & Finkel 1995; 
Bozkurt 2001). Extension in western Anatolia was active from late 
Oligocene time and gave rise to extensional detachments that pro-
moted exhumation of HP–LT metamorphic rocks (Menderes 
Massif). The extensional detachments were later dissected by 
Neogene–Quaternary, SW–NE- and NW–SE-trending, high-angle 
normal faults, which define a basin and range structure (e.g. Şengör 
1987; Yılmaz et  al. 2000; Bozkurt 2001; Bozkurt & Oberhänsli 
2001; Rimmelé et al. 2003, 2006; Alçiçek & ten Veen 2008; ten 
Veen et al. 2009; van Hinsbergen 2010). The basins are at present 
bounded by normal faults, many of them still active.

The Denizli Basin is a WNW–ESE-oriented structural depres-
sion, c. 70 km long and 50 km wide (Fig. 2), filled with a Neogene–
Quaternary continental succession deposited in alluvial and 
lacustrine environments (Alçiçek et  al. 2007). Recent (13 June 
1965, 19 August 1976, 21 April 2000) and historical (1703, 1717) 
earthquakes indicate that the fault systems delimiting the south-
western and northeastern sides of the Denizli Basin have a high 
potential seismicity (Hancer 2013) with Magnitude 6 being 
recorded (Koçyiğit 2005).

Mesozoic successions stacked in a complex tectonic pile (Lycian 
Nappes) overlying a Palaeozoic–Mesozoic metamorphic succes-
sion referred to as the Menderes Massif (Collins & Robertson 
1997; Rimmelé et al. 2003) are exposed in the northeastern margin 
of the basin, where Pamukkale is located (Fig. 2). A SW-dipping 
normal fault system mainly consisting of two fault segments (the 
Hierapolis and Akkoy segments; Altunel & Hancock 1993a) sepa-
rates the Palaeozoic and Mesozoic successions from the Neogene 
and Quaternary continental sediments filling the basin (Şaroğlu 
et al. 1987, 1992; Çakir 1999; Hancock et al. 1999; Koçyiğit 2005), 
and plays a fundamental role in the hydrothermal circulation and 
fluid upwelling. The Pamukkale travertine plateau, where the 
ancient Hierapolis was built, is bounded by two SW-dipping faults. 
The southern one (the Akkoy fault) corresponds to the scarp on 
which travertine accumulated, giving rise to the spectacular 
Pamukkale range-front travertine slope. Kinematic data on the fault 
segments indicate a normal dip slip combined with a minor sinistral 
strike slip (Altunel & Hancock 1993a; Çakir 1999). Offsetting of 
Roman artefacts along the Hierapolis segment provides further evi-
dence of fault activity in the Pamukkale area (Altunel & Hancock 
1996). The NW–SE-trending faults delimiting the northeastern 
margin of the Denizli Basin are interrupted by two main NE–SW-
trending faults that cross the whole Denizli Basin, resulting in seg-
mented subparallel sub-basins, named the Laodikia and Çürüksu 
Grabens (see figs 2 and 6 of Kaymakci 2006). In particular, the 
northern NE–SW-trending fault interrupts the northern prolonga-
tion of the NW–SE-trending fault segments in the Akkoy area (Fig. 
2c). Kinematic data on the NW–SE-trending faults indicate domi-
nant normal movements, whereas a more articulated kinematics 
characterizes the NE–SW-trending faults, on which right- and left-
lateral oblique slip as well as normal movements have been docu-
mented (Kaymakci 2006).

The carbonates making up the Pamukkale travertine body have 
been deposited since 400 ka and still are being deposited (Altunel & 
Hancock 1993a, b) by thermal waters with temperatures ranging 
from 35 to 56 °C (Şimşek et al. 2000; Kele et al. 2011; Özkul et al. 
2013), rising from a carbonate bedrock (marble and calcschist) with 
permeability enhanced by the activity of extensional faults. The 
travertine deposits were studied by Altunel & Hancock (1993a,b, 
1996), who described numerous morphologies and related deposi-
tional structures forming several fissure-ridges (Fig. 2). Among 
these structures, the Çukurbağ fissure-ridge has been studied mainly 

Fig. 1. Schematic illustration of the anatomy of a travertine fissure-ridge.



Fault-Controlled Travertine Fissure-Ridge 427

from a morphotectonic perspective (Altunel & Hancock 1993a,b, 
1996; Altunel & Karabacak 2005). Uysal et  al. (2007) provided 
geochemical and U/Th radiometric data for some banded calcite 
veins in the Denizli Basin area and documented ages ranging from 
151.19 ± 0.8 to 24.9 ± 0.1 ka. In particular, ages ranging from 
25.2 ± 0.2 to 24.9 ± 0.1 ka were obtained for two banded and related 
bedded travertines from the Çukurbağ fissure-ridge by Uysal et al. 
(2009). Similar dates have been reported by De Filippis et al. (2012). 
Other radiometric data in the range of 29.5 ± 1.4 and 21.5 ± 1.0 ka 
were provided by Altunel & Karabacak (2005); these ages referred 
to dilation rates of about 0.10 ± 0.02 and 0.07 ± 0.003 mm a−1 during 
and after travertine deposition, respectively.

The Çukurbağ fissure-ridge

To obtain a better understanding of the geological processes con-
trolling the growth of a fissure-ridge travertine deposit, the mor-
photectonic and depositional features of the Çukurbağ fissure-ridge 
are described.

Morphological setting

The Çukurbağ fissure-ridge is an uninterrupted morphotectonic 
feature, about 360 m long and 30 m wide, with a maximum height 
of 10 m (Fig. 3), which is characterized by a double change in 

Fig. 2. Location of the study area: (a) western Anatolia and the Aegean Sea; (b) digital elevation model of the area including the Denizli Basin, where 
Pamukkale is located; (c) geological sketch map of the Denizli Basin and surroundings (from Sun 1990); (d) geological map of the Pamukkale area (from 
Altunel & Hancock 1993a).
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orientation along its roughly east–west main direction so that it 
resembles a stretched S-shape. It strikes N110° in the western part 
for about 40 m, N75° in the central part for about 260 m and N90° 
in the eastern part for about 60 m (Fig. 4).

The ridge slopes have various inclinations (from 60° to less than 
20°; Fig. 3) with the higher portion dipping away gently from the 
crest. On the whole, the ridge has an asymmetrical profile, with the 
northern slope steeper and locally higher than the southern one. 
The floor representing the substrate on which the travertine was 
deposited is characterized by higher elevation in the northern wall 
of the ridge, thus defining a morphological step hidden by the car-
bonate deposits (Fig. 5). The flanks of the ridge consist of several 
depositional units made of well-bedded or laminated travertine 
(bedded travertine); their inclined slopes include records of the 
original depositional morphologies (smooth and/or microterraced 
slope) resulting from the flow of the alkaline hot waters from the 
apical fissure.

The central part of the ridge corresponds to its highest elevation 
and width (Figs 4 and 5); therefore this sector was intensively quar-
ried for building stone in Roman times. Ancient quarrying cuts 
reveal the internal structure of the fissure-ridge, showing a geo-
metrically complex network of at least five (possibly up to eight) 
subparallel vein sets made of crystalline calcite and/or aragonite 
(banded travertine). Several almost parallel en-echelon and/or 
anastomosed fissures occur at the top of the ridge, along its crest. 
These fissures have a maximum opening of 170 cm and a maxi-
mum length of about 260 m. The fissure width decreases towards 
the tips, where it becomes about 1 mm.

Ridge lithofacies

Two main lithofacies (bedded and banded travertine) have been 
defined for the thermal carbonates on the basis of their composition, 
fabric and genesis (Altunel & Hancock 1993a,b). The bedded trav-
ertine comprises the subhorizontal to very steep, well-bedded and 
laminated lithofacies deposited in epigean conditions by the thermal 
waters flowing from the vent(s) along the lateral slopes (Fig. 6a). On 
the other hand, the term banded travertine relates to crystalline, 
laminated crusts precipitated in hypogean conditions as the infilling 
of vertical to subvertical fractures representing the conduits for the 
upwelling of thermal waters through the bedrock. Both facies are 
laterally related as they are deposited by the same water discharge 
during its flow from the internal circuit (where banded travertine 
precipitates in veins) to the external surface (where the bedded trav-
ertine is deposited in layered crusts) (Fig. 6b and c).

Geochemical variations and hydrodynamic behaviour of the 
thermal fluids, bacteria activity, and morphological roughness 
along the slope result in different depositional facies and facies 
associations (Guo & Riding 1998; Gandin & Capezzuoli 2008) and 
in rapid lateral facies changes, characteristic of the thermal deposi-
tional system (Guo & Riding 1998, 1999).

Bedded travertine. This consists of laminated layers (up to 2 m 
thick) of heterogeneous limestone of variable lateral extent, dip-
ping from subhorizontal to subvertical (Fig. 6d) and pinching out 
from the central portion of the structure. The beds are composed of 
irregularly alternating laminae or bands (of centimetre to decimetre 

Fig. 3. (a) Panoramic view of the Çukurbağ fissure-ridge and the quarried area indicated by the anthropic build-up; (b) detail of the quarried area; (c, d) 
traces of the main work on the northern wall of the ridge; (e) a Roman column made of banded travertine abandoned at the margin of the quarried area.
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size) of crystalline and microbial facies. Crystalline crusts are 
formed by superimposed or juxtaposed rows of feather-like crystals 
(Fig. 6e) or subordinately of very finely laminated fibrous fan-rays 
(Fig. 6f). These characteristic fabrics (Chafetz & Folk 1984) are 
indicative of high-energy flows on steep slopes (Capezzuoli & 
Gandin 2005; Gandin & Capezzuoli 2008). The crystalline facies 

are mostly located in the central, higher portion of the ridge, where 
they show highly inclined bedding and a compact fabric. In the 
lower, smoother to subhorizontal parts of the ridge the lithofacies 
association shows a generally more gentle inclination and a domi-
nantly porous fabric (Fig. 6g and h) formed by laminar microbial-
ites composed of shrubs and rafts and associated with micritic 

Fig. 4. (a) Schematic illustration of the morphotectonic features of the Çukurbağ fissure-ridge; (b) strike of the main fissure at the top of the ridge 
measured in the indicated position along the fissure-ridge; (c) fissure width v. position along the fissure-ridge; (d) rose diagram of the main fissure strike, 
located at the top of the ridge.

Fig. 5. Panoramic view of the Çukurbağ 
fissure-ridge (from the Hierapolis ruins) 
highlighting the morphological step on 
which the fissure-ridge developed: the 
southern floor is clearly located at a lower 
elevation with respect to the northern one.
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laminae and lithoclasts (Fig. 6i and j). They are interpreted as the 
distal portion of the system, characterized by slow flow on micro-
terraced or gently undulating low-angle slopes (Capezzuoli & Gan-
din 2005; Gandin & Capezzuoli 2008; Fig. 6k). The rapid lateral 
juxtaposition or shifting of all these depositional facies provides 

evidence of different microenvironments (waterfalls, pools, micro-
terraced slopes, fans and smooth slopes) repeatedly following one 
upon the other, resulting from different episodes of deposition and 
diversion along the ridge, as also indicated by the numerous angu-
lar unconformities that bound the single depositional units. 

Fig. 6. (a) Highest part of the ridge showing the opposite dipping attitude of the travertine. (b, c) Key evidence highlighting the relation between the inclined–
bedded travertine and the vertical, internal, banded travertine; this proves that banded and bedded travertines are genetically and physically linked and form from 
the same water rising along the central fissure and flowing on the external slope. (d) High-angle bedded travertine formed by crystalline crusts in the central 
part of the ridge. (e) Detail of the crust in (d) showing white feather crystals. (f) Example of fine-laminated crystalline crust. (g) Porous fabric of the bedded 
travertine in the apical portion. Bedding is more vague. (h) Detail of the lower part of (g) showing a vertical section of a low-angle microterraced slope. (i) 
Example of microterraced slope on the southern slope of the fissure-ridge. (j) Example of low-angle, gently undulated slope. (k) Alternation of fine laminated, 
porous travertine (lower portion) and compact, feather calcite crystalline crusts (upper portion).



Fault-Controlled Travertine Fissure-Ridge 431

Alternation of compact crystalline crusts and porous micritic lami-
nae is very common and suggests fluctuation in water regime.

Banded travertine. This is formed by onyx-like, vertically banded 
white to brown calcite veins of centimetre to metre thickness cutting 
across the substrate and propagating to the surface (Fig. 7g–i) 

through the bedded travertine (Fig. 7a and b). Contacts between the 
banded travertine and the host rocks are usually sharp (Fig. 7b and d) 
and are locally characterized by embayed margins owing to replace-
ment of the host rock. The vein thickness varies along the ridge: val-
ues are at a maximum (about 3 m) in the central and quarried portion 
of the ridge (Fig. 7c and d) and tend to decrease toward the ridge tips.

Fig. 7. (a) Example of banded travertine with lithon of bedded travertine embedded; (b) detail of (a) highlighting the syntaxial calcite vein corresponding to a 
banded travertine vein; (c) internal part of the ridge widened for quarrying; (d) geometric relationships between banded and bedded travertine as recognizable 
in the internal part of the ridge; (e, f) micro-laminae typifying the fabric of the calcite veins (banded travertine); different colours indicate depositional episodes 
characterized by different fluid chemical compositions; (g–i) linkage between banded and bedded travertine; (j) cross-cutting relation between two veins 
defining a V-shaped pinching vertical banded crust isolating a lithon made of bedded travertine where the original fabric can be recognized.
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The banded travertine corresponds to vertical to subvertical 
laminated crusts or veins made of juxtaposed parallel or subpar-
allel, millimetre to centimetre thick rows of palisade, fibrous or 
prismatic crystals grown in syntaxial continuity. The millimetre-
scale zoning of the carbonate crystals is indicated by the irregu-
lar alternation of colourless and coloured (mainly rusty red or 
brown) crystal rows (Fig. 7e and f) depending on the mineral 
impurities (Fe- and/or Mn-oxides) included within the crystal 
lattices. The crystals or bands growing inward from the wall 

surfaces generally meet at the centre of the original open fissure 
or fracture, sealing it. The mid-line of the veins is locally marked 
by karstified voids of variable sizes (Fig. 7b). The trend of the 
vertical fractures is generally linear and is locally sinuous (Fig. 
7b), probably because of wall anisotropy of the host rock. 
Pinched banded veins showing a V-shaped morphology (Fig. 7j) 
derived from superimposed veins that changed their trajectories 
during fissure evolution, and isolated lithons of previously 
deposited bedded travertine.

Fig. 8. (a) Multiple, superimposed laminae of banded travertine mainly formed by a dense palisade of acicular, needle-like crystals with pointed termination. 
(b) Example of ray-shaped fans of acicular crystals. (c) Micron-size, black alteration at the top of a lamina. The successive growth of a new crystal palisade 
from the alteration nucleus should be noted. (d) Alternation of acicular and blocky crystal laminae limited by levels of alteration. The ‘ghost’ acicular 
morphologies inside the blocky crystals should be noted. (e) CL image of same alternation of laminae as in (d). The banding testifies to different origins 
of the waters. It should be noted that blocky and acicular crystals have the same colours. (f) Banded laminae with acicular and blocky morphologies and 
alteration levels. (g) CL image of area shown in (f). Arrowheads indicate the continuity between the alteration level and rims of blocky crystals.
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Detailed petrographic, cathodoluminescence (CL) and X-ray 
diffraction (XRD) analyses of the banded veins indicate how the 
elementary laminae are mainly formed by elongated crystals, 
mostly acicular (Fig. 8a) or prismatic, but also blocky in shape, 
growing normal to the walls of the fissures, forming dense assem-
blages devoid of primary porosity.

Most of the laminae are made of needle-like crystals of aragonite 
arranged in tight palisades with straight extinction or clusters of ray-
shaped fans (Fig. 8b) similar to those described by Folk et al. (1985) 
and by Atabey (2002) for analogous lithofacies. Less frequently, 
laminae made of columnar–prismatic calcite and of blocky calcite 
(Fig. 8d–f) are present. The latter form exhibits a hypidiotopic, 
poikilotopic inequigranular fabric and growth competition textures 
(Friedman 1965) suggesting recrystallization at the expense of pre-
vious acicular aragonite that can be still be observed as ghosts inside 
the new blocky calcite crystals. Although most of the aragonite–
calcite rows are in syntaxial continuity, randomly recurrent discon-
tinuities between sets of laminae are marked by thin micron-size 
concentrations of opaque brown to black material (Fig. 8c and d) in 
a film corresponding to the meeting line of blocky crystals  

(Fig. 8e–g). This feature suggests temporary interruptions of the 
growth of the primary crystals, dissolution of aragonite–calcite, 
accumulation of residual material (Fe- and Mn-oxides) probably 
with the concurrence of microbial activity, and recrystallization–
precipitation of blocky calcite. Such an interpretation is supported 
by the CL observations, which show a lack of luminescence of the 
elongated aragonite and calcite crystals or laminae (Fig. 8e–g) 
whereas bright, red-to-orange luminescence coincides with the 
films of opaque concentrations. The dissimilar luminescence behav-
iour is evidently related to the lack or presence of Mn within the 
calcite lattice and hence in the composition of the parent waters, and 
records a common derivation of the elongated crystals from Mn-free 
parent waters, probably of marine imprint, whereas a meteoric or 
soil-related Mn-rich parent water can be assumed to have originated 
the calcite films containing the residual material.

XRD analyses from Vein A show that the banded travertine 
mainly consists of pure aragonite with a minor component of quartz 
(sample PK-3, Fig. 9). Some laminae are formed by alternating 
aragonite and calcite bands (sample TK-1, Fig. 9), the latter com-
posed of recrystallized blocky calcite crystals.

Fig. 10. (a) Banded–bedded travertine relation as recognizable in the internal part of the ridge. At least five generations of banded travertine veins can be 
recognized (veins A–E), indicating their progressive migration toward the northern wall; (b) opposite bedded travertine dipping attitude separated by an 
angular unconformity and testifying to the progressive rejuvenation toward the north of the banded–bedded system.

Fig. 9. X-ray diffraction (XRD) diagrams 
of two banded travertine samples collected 
from Vein A (see Fig. 10 for more details).
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Fissure-ridge internal anatomy and structural 
feature

The fresh cuts in the ancient quarry made it possible to investigate 
the internal part of the fissure-ridge, mainly in its central part (Fig. 
4). At least five subparallel banded travertine veins run along the 
long axis of the ridge and are characterized by width ranging from 
10 to 200 cm (Fig. 7). The crosscutting relationships between the 
banded travertine veins suggest their progressive northward 

migration. On the basis of their stratigraphic relationship, the old-
est banded travertine vein (the widest one quarried by the Romans; 
Vein A in Fig. 10) crosses the ridge in its southernmost part. In 
contrast, the youngest banded travertine vein (Vein E in the Fig. 
10) occupies the northernmost part of the ridge.

The banded travertine veins are intensely fractured in some parts 
(Fig. 11a and b), implying their brittle deformation. Fractures are 
not restricted to the banded travertine veins, but propagate also in 
the bedded travertine host rock (Fig. 11c–e), therefore suggesting a 

Fig. 11. Examples of banded veins showing brittle deformation. (a-c) Diffuse fractures affecting the different generations of banded travertine veins. In 
(c) it should be noted that the bedded travertine is fractured like the banded travertine. (d, e) Example of subhorizontal fractures affecting both banded 
and bedded travertine, in the inner part of the ridge. (f) Orthogonal intersecting fractures affecting the banded travertine in the inner part of the ridge. 
(g–i) Minor fractures affecting the bedded travertine and intersecting the main fissure at a high angle (see Fig. 4). These fractures are totally or partially 
filled by banded calcite veins like banded travertine, suggesting that fracturing occurred during fluid circulation.
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deformational process that involved both fracture infill and bedded 
travertine host rock. Two main fracture sets have been recognized: 
(1) the most pervasive and widespread fracture set is characterized 
by roughly planar joints parallel to one another, relatively regularly 
spaced (from 1 cm to 10 cm); these joints cross the banded travertine 
veins at a high angle (Fig. 11a–e) defining subhorizontal intersec-
tion lines (Fig. 11f); (2) a fracture set, consisting of subvertical, 
NNW–SSE- and NNE–SSW-trending fractures that cross the 
banded travertine veins at a high angle and define subvertical inter-
section lines promoting the development of a network of orthogonal 
joints recognizable on the surface of the banded travertine veins 
(Fig. 11f). The subvertical joints also propagate in the northern and 
southern bedded travertine walls of the fissure-ridge and are mainly 
concentrated in the southern wall of the ridge (Fig. 11g). These 
joints are arranged both in en-echelon and in dihedral arrays (in plan 
view), and are concentrated in metre-wide domains having local 
high deformation density (i.e. the western side), characterized by 
8–10 joints in 15 m (Fig. 4); in the other domains, density is lower 
and is 2–3 joints in 15 m on average. The angle between joints and 
the long axis of the ridge ranges from 60 to 80° (Fig. 4). Most joints 
have been filled by fibrous calcite crystals that grew in syntaxial 
mode, like the banded travertine veins (Fig. 11h and i), thus suggesting 
hydrothermal fluid circulation also in the peripheral fracture sets. In 
a few cases, banded veins are locally affected by sub- 
centimetre vertical offsets with a normal component of movement.

In the western part of the ridge, about 50 m from its margin, the 
fissure at the top of the ridge defines a rhomboid interrupted by 
two joints at low angle; such a feature resembles a step-over zone 

(Fig. 4) linking two fault-segments with right-lateral strike-slip 
movement. Indeed, the western side of the ridge, where the long 
axis trends N110° (see Fig. 4), is characterized by a right-lateral 
strike-slip offset of about 40 cm, displacing the northern wall from 
the southern wall of the ridge (Fig. 12). The slip surface corre-
sponds to the main fissure at the top of the ridge. No kinematic 
indicators have been observed along the fault plane, but the 
transcurrent component can be inferred by the ridge-edge dis-
placement (Fig. 12).

Discussion

The internal anatomy of the Çukurbağ fissure-ridge and its mor-
photectonic features (i.e. the crosscutting relationships between 
the various banded travertine veins, their progressive migration 
toward the northern wall of the fissure-ridge and the right-lateral 
offset along the main fissure at the top of the ridge) indicate that 
this body developed under the strict control of a fault zone active 
at least during the late Pleistocene–Holocene, as suggested by the 
radiometric age determination (Altunel & Karabacak 2005; Uysal 
et al. 2009; De Filippis et al. 2012). In addition, the relationships 
between banded and bedded travertine offer stimulating inputs to 
discuss the evolution of the fault zone that controlled the hydro-
thermal fluids up-flow and the conceptual mechanism for the 
development of the Çukurbağ fissure-ridge. In the following par-
agraphs first we discuss the role of the banded–bedded travertine 
in the tectonic interpretation; second, we focus on the possible 
mechanism that controlled the syntectonic growth of the Çukurbağ 
fissure-ridge with reference to an achievable mechanism driving 
the development of the whole fault-related travertine fissure-
ridge. Finally, we discuss the west–east-trending Çukurbağ fault 
segment in the context of the NW–SE-trending active faulting 
that characterizes the northeastern side of the Denizli Basin in the 
Pamukkale area.

Banded–bedded travertine relation and its role in 
tectonic interpretation

The banded and bedded travertine lithofacies record the develop-
ment of a syntectonic travertine body affected by brittle deforma-
tion (Figs 11 and 12); the fractures affecting the bedded travertine 
acted as conduits for hydrothermal fluids, which flowed at the 
surface and deposited new bedded travertine. Therefore the 
banded travertine veins represent a useful tool to understand the 
mechanism of the fissure-ridge development, as well as the rela-
tionships between tectonic activity and carbonate sedimentation 
in a geothermal system.

Banded travertine veins resemble calcareous sinter as defined 
by Koban & Schweigert (1993) owing to the well-developed lami-
nation and lack of visible porosity (Flügel 2004). Pedley (1990) 
suggested that this term should be abandoned in favour of either 
tufa for ambient temperature deposits or travertine for geothermal 
carbonate deposits. The banded travertine consists of carbonate 
veins deposited by hydrothermal fluids and filling fractures affect-
ing travertine masses. The micro-laminated fabric (Fig. 8), cou-
pled with the syntaxial growth process (Fig. 7a and b), indicates 
that such veins were the consequence of the crack-and-seal pro-
cess (see Sibson 1987), which is indicative of repeated fracture 
opening pulses followed by periods of carbonate deposition, often 
giving rise to aragonitic–calcitic laminae. The deposition of arago-
nite is favoured by rapid precipitation rate, high pCO2, and ele-
vated Mg/Ca (Pichler & Veizer 2004). Owing to the rapid 
precipitation rate, the banded travertine veins can minutely record 
deposition that occurred during short time spans and is represented 

Fig. 12. Deca- to centimetre-sized offset occurring along the main 
fissure at the top of ridge in its western side, implying a right-lateral 
strike-slip movement during the development of the fissure-ridge.
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by thick crystalline layers. For example, radiometric dating of 
some banded travertine veins crossing the Çukurbağ fissure-ridge 
(Uysal et al. 2009) indicates that a banded travertine vein of about 
40 cm thickness is representative of about 200 years.

The presence of biological alteration at the top of many laminae 
(Fig. 8c and d) suggests that fracture walls were periodically 
exposed to the air, and so the vein surface was altered by biological 

activity. This implies that, in some cases, vein opening was not 
accompanied by instantaneous water flow.

The intimate association of banded travertine veins with seis-
micity and their triggering of mobilization of CO2-rich fluids have 
been extensively demonstrated (Altunel & Karabacak 2005; Uysal 
et al. 2009). In this sense, banded travertine vein networks most 
probably represent the best near-surface product of CO2-driven 
hydrothermal eruptions in seismically active zones (Uysal et  al. 
2007, 2009). However, it is also perceived that they are important 
as a possible palaeoclimate recorder, considering that the CO2-
driven hydrothermal eruption process may be driven by global and 
regional climate, as has been more significantly recognized during 
dry climate periods in the late Quaternary (Uysal et al. 2009). Thus, 
although climate could represent another key factor promoting 
hydrothermal circulation (see Faccenna et  al. 2008; De Filippis 
et al. 2013a), tectonic activity is fundamental to guarantee fracture 
opening and related permeability in the rock masses, which is 
indispensable to promoting the hydraulic connection of the reser-
voir with the surface. Accordingly, the travertine fissure-ridges, 
where banded and bedded travertine are intimately connected, are 
the most significant travertine masses for tectonic investigations.

Growth and development mechanism of a fault-
controlled fissure-ridge

The growth and development mechanisms of the Çukurbağ fissure-
ridge were strictly influenced by the fault zone evolution, which can 
be ascribed to repeated cycles for which two main coexisting factors 
were essential: (1) improvement of localized (fault-related) perme-
ability in the bedrock; (2) occurrence of overpressured thermal, 
alkaline and CO2-rich fluids channelled along the interconnected 
fracture system forming the fault damage zone. The interplay 
between tectonic activity, improved and destroyed permeability, 
fluid flow, fluid degassing and travertine deposition regulated the 
development of the fissure-ridge.

Altunel & Hancock (1993a, b, 1996) and Hancock et al. (1999) 
interpreted the Pamukkale travertine fissure-ridges as morphotec-
tonic features developed in step-over zones along the main NW–
SE-trending normal fault system bounding the northeastern 
shoulder of the Denizli Basin. Overall those researchers interpreted 
the NW–SE- and east–west-striking travertine fissure-ridges as 
travertine-filled dilatational fractures, related to the progressive 
opening of fractures in the bedrock (fracture is here used as a gen-
eral term indicating a mode-I joint; Pollard & Aydin 1988) of the 
hanging wall of the Akkoy fault segment (Fig. 2). Although this is 
the general conclusion for most Altunel and Hancock’s papers 
dealing with the travertine fissure-ridges at Pamukkale, they also 
reported the case of an unspecified fissure-ridge grown on a fault 
scarp, characterized by ‘a downthrow of about 5 m along 250 m of 
its 500 m length’ (Altunel & Hancock 1996), implying a strict rela-
tionship between the fissure-ridge and faulting. A contrasting 
hypothesis and a different interpretation were given for the 
Çukurbağ fissure-ridge, which was interpreted by Altunel & 
Hancock (1993a, b) and Hancock et al. (1999) as a dilatational fis-
sure reflecting the local influence of the north–south extension 
direction that characterizes the Menderes graben.

An alternative conceptual model dealing with the development 
of a travertine fissure-ridge has been proposed by De Filippis et al. 
(2012), who described four growth phases giving rise to the com-
plete fissure-ridge development. In phase 1, a fissure-ridge consist-
ing of a linear elongated travertine mound grows on top of hot 
springs. As the fissure-ridge grows the accumulated travertine 
forming the ridge, together with the differential subsidence acting 
in a part of the ridge, increasingly hinders direct outflow from the 

Fig. 13. Schematic illustration of the conceptual mechanism controlling 
the development of a travertine fissure-ridge. T0 illustrates the fissure-
ridge during a tectonically quiescent period; at that time, the permeability 
was totally destroyed as a result of fracture sealing by calcite veins (i.e. 
banded travertine). After a tectonic pulse the fault reactivates, reopening 
previously sealed fractures and allowing the overpressured fluids to 
rise (T1). Fluids discharge at the tip zones; here flow is favoured by the 
hydraulic gradient. Progressive fluid flow seals the fractures at the ends 
of the ridge; consequently, the springs have to migrate toward the higher 
portions of the ridge (T2) up to the highest part (T3). At that time, fracture 
sealing progressively inhibits fluid flow and the travertine deposition 
stops. A subsequent period of travertine deposition and fluid flow can be 
guaranteed by a new tectonic pulse.
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central feeding conduit (phase 2). At that point, an overpressure of 
the hydrothermal fluids develops, producing hydraulic fracturing 
followed by depressurization, which is the cause of the various 
generations of cross-cutting fissures filled by banded travertine 
(phases 3 and 4). De Filippis et al. (2012; see their fig. 11) consid-
ered the Çukurbağ fissure-ridge as a key element to describe the 
third growth phase. Although this evolution takes into considera-
tion the main features of a fissure-ridge (i.e. superimposed banded 
travertine veins, V-shape of some banded travertine veins), some 
other evidence (i.e. the shape and geometry of the fissure-ridges, 
the different elevation of the walls, the migration of the banded 
travertine, the permeability increase or destruction) needs to be bet-
ter understood. In our opinion, data collected in the Çukurbağ fis-
sure-ridge allow us to focus on some important elements improving 
the conceptual model for fissure-ridge development.

The asymmetric profile of the fissure-ridge (Fig. 5) implies that 
the substratum does not consist of tabular bedrock, but it is charac-
terized by a step of about 5 m in height, over which the travertine is 
draped. This definitively accounts for the fault step on which the 
ridge grew. Evidence based on the banded–bedded travertine rela-
tion is indicative of a syn-faulting travertine deposition. Figure 6b 
and c show the youngest banded travertine vein progressively pass-
ing to the bedded travertine laminated crust located at the top of the 
southern travertine wall, thus providing support for the deposition of 
the younger travertine across that side of the fissure-ridge. In the 
same way, Figure 7g and h clearly shows that the topmost part is 
lower than the bedded travertine forming the top of the northern 
half. This implies that the fissure separating the two halves of the 
ridge unequivocally runs along the trace of a fault. On the other 

hand, there is unambiguous evidence of brittle deformation affect-
ing the banded and bedded travertine (Fig. 11) that supports the 
occurrence of deformation after travertine deposition, as also con-
firmed by the horizontal right-lateral strike-slip movement recon-
structed in the western side of the ridge (Fig. 12). Similar data were 
also reported by Altunel (1994). Surely the present configuration of 
the fissure-ridge is the consequence of a multi-stage process charac-
terized by repeated faulting pulses that promoted permeability, fluid 
flow, travertine deposition and then growth of the fissure-ridge. In 
our opinion, the differential subsidence acting in a part of the ridge, 
mentioned by De Filippis et al. (2012), can be referred to faulting. 
The different generations of cross-cutting banded veins ascribed by 
De Filippis et al. (2012) to combined gravitational and hydraulic 
effects, are the clear expression of a tectonic process. Thus the ridge 
fissuring, as well as the emplacement of the banded veins, was pri-
marily driven by tectonics, although we cannot exclude temporary 
hydrothermal eruptions as a secondary effect.

Figure 13 shows the main steps for the development of a fault-
related fissure-ridge after a single tectonic pulse, defining a fis-
sure-ridge growth-cycle: tectonic activity gives rise to fault 
reactivation, which increases the permeability mainly at the tips of 
the fault segment, where new fractures can guarantee fault propa-
gation (T1 in Fig. 13). At that time, overpressured fluids trapped in 
the reservoir at depth are channelled along the new fractures, feed-
ing thermal springs located at the extremities of the ridge, as these 
are the lowermost points available for resurgence owing to hydrau-
lic pressure. Hydrothermal fluids leave the dissolved CO2, trigger-
ing the precipitation of travertine that accumulates at ridge 
margins. The progressive travertine deposition tends to seal the 

Fig. 14. Schematic illustrations: the 
(conceptual) tectonic model of the Denizli 
Basin; the relationships between the 
transfer zone and the Çukurbağ fissure-
ridge, based on our field data and those 
by other researchers (Sun 1990; Altunel 
1994; Altunel & Hancock 1996; Kaymakci 
2006; Alçiçek et al. 2007); the fault zone 
evolution promoting the Çukurbağ fissure-
ridge growth.
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fractures and prevent a continuous fluid discharge. Nevertheless, 
permeability destruction at the ridge margins favours the rise of 
the water table, which will feed thermal springs located along the 
fissure and at higher elevation (T2 in Fig. 13). Progressive traver-
tine deposition and related permeability destruction provide the 
progressive thermal spring migration up to the top of the ridge, 
guaranteeing travertine deposition in the higher portion of the 
ridge (T3 in Fig. 13).

The complete sealing of fractures feeding thermal springs 
inhibits travertine deposition and defines the end of the growth-
cycle. The following tectonic pulse(s), coupled with availability of 
thermal water owing to favourable climatic conditions, can renew 
the permeability, offering the opportunity for repeated growth-
cycles and giving rise to the progressive ridge development. In the 
case of a tectonic pulse during an arid period, new opened frac-
tures are exposed to the air, therefore banded travertine is prone to 
alteration by microbial activity, and growth evolution of the ridge 
is interrupted.

The morphology and internal anatomy of the ridge are strictly 
influenced by the evolution of the fault zone. The example of the 
Çukurbağ fissure-ridge suggests that the relationships between the 
banded and bedded travertine can reveal much on this topic: the 
various generations (at least five) of banded travertine veins (and 
coeval bedded travertine) progressively migrate toward the north-
ern half of the ridge. This can be deduced from the fact that bedded 
travertine dipping away from a central fissure was successively 
buried by bedded travertine dipping in the opposite direction (Fig. 
10), which originated from fluids flowing from a new fissure that 
developed in the peripheral northern wall. Such a migration is 
strictly related to a fault zone evolution characterized by its pro-
gressive growth in the footwall. Figure 14 shows the possible con-
ceptual evolution of the fault zone: the local stress field gave rise to 
a main fault plane with associated minor structures (Fig. 14a); suc-
cessive variation in the dip-slip or in the strike-slip component, as 
usual in transfer zones (see the next section) could have favoured 
the occurrence of most damage in the footwall block, thus defining 
another main slip plane (Fig. 14b). Successive tectonic pulses 
could have enlarged the fault zone, defining a progressive growth 
in the footwall zone (Fig. 14c).

Regional consideration

The west–east-striking fault zone of the Çukurbağ fissure-ridge 
was active contemporaneously with the main NW–SE-striking 
normal fault segments delimiting the northeastern side of the 
Denizli Basin and producing the SW-dipping slope on which the 
Pamukkale travertine was deposited (Altunel 1994; Fig. 2). All 
faults acted as conduits for hydrothermal circulation, implying 
their hydraulic connection at depth. De Filippis et al. (2012) pre-
sented a conceptual model for the fissure-ridges at Pamukkale, 
explaining the hydrothermal system as driven by a NW–SE-
trending relatively low-angle normal fault system and associated 
parallel fractures affecting the hanging wall and feeding the fluids 
(see fig. 11 of De Filippis et al. 2012). If their model is used to 
explain the fissure-ridges in the Pamukkale area, then the near-
orthogonal orientation of the Cukurbag fissure-ridge with respect 
to the master fault system has to be explained.

The right-lateral component in the western side of the ridge 
suggests that the Çukurbağ fissure-ridge developed on a fault zone 
with a lateral component, although the morphological step and the 
down-dip movement of the southern wall of the fissure-ridge also 
suggest a dominant normal component (Fig. 5). Consequently, 
although the complete kinematic history of the fault zone cannot 
be defined, we can speculate that the Çukurbağ fault zone was the 

result of the interplay between strike-slip and normal faulting, 
resulting in a right-lateral transtensional kinematics with a domi-
nant normal offset (at least 5 m) and a minor right-lateral one 
(about 40 cm). The right-lateral movement contrasts with the 
shape of the ridge (in plan view), implying that the long tract of the 
ridge acted as a restraining band, thus contrasting with the main 
fissure dilatation in the central part. On the other hand, the lateral 
offset (40 cm) is surely irrelevant and took place in a general con-
text dominated by normal movements.

The coexistence of a west–east-striking right-lateral transten-
sional fault and NE–SW-trending normal faults has to be explained. 
We suggest that the Çukurbağ fault belongs to a transfer fault sys-
tem (i.e. an accommodation zone) interfering with the master fault 
system delimiting the basin. In fact, normal and strike-slip kine-
matics for orthogonal fault systems can coexist in extensional fault 
systems, characterized by normal faults defining a graben and/or 
half-graben, transferred by accommodation shear zones composed 
of fault segments often characterized by strike-slip to oblique-slip 
movements (Gibbs 1984, 1990). Kinematic information on the 
main and minor faults of the Denizli Basin highlights NW–SE-
trending faults with dominant normal movements, and NE–SW-
trending faults showing right-lateral and left-lateral oblique-slip 
and normal kinematics, often recognizable on the same fault plane 
(Kaymakci 2006). Similar superimposed kinematic indicators on 
faults, acting as transfer zones and accompanying the development 
of Quaternary basins in the surroundings of the Denizli Basin, have 
been described by Alçiçek et al. (2013).

The NW–SE-trending fault system in the Pamukkale area is 
intersected by a regional NE–SW-striking fault system (Fig. 2c) 
showing latest Pleistocene strike-slip kinematics (van Noten et al. 
2013) and defining a corner where thermal springs and travertine 
deposition were and are concentrated (Fig. 2c).

On the other hand, it has been also documented that accommo-
dation zones are the most efficient structural environment guaran-
teeing hydrothermal circulation in geothermal systems (Rowland 
& Sibson 2004), as intersecting orthogonal fault segments can give 
rise to very highly damaged rock masses (Curewitz & Karson 
1997; Brogi 2004; Brogi et  al. 2012). A similar explanation has 
been given for the tectonically controlled fissure-ridges at Cambazli 
(located 130 km NW of Pamukkale), which have been considered 
to be controlled by a shear zone acting as a transfer zone accom-
modating the development of the normal faults delimiting the 
Gediz Graben (Temiz & Eikenberg 2011).

Concluding remarks

The Çukurbağ travertine fissure-ridge is a tectonically controlled 
travertine body that developed on a fault zone of at least 360 m 
length, with a possible transtensional kinematics, active during the 
late Pleistocene–Holocene. Such a fault is possibly a minor struc-
ture belonging to a more important NE–SW-trending fault system 
that acted as a transfer zone accommodating the NW–SE-trending 
normal fault system delimiting the NE margin of the Denizli 
Graben (Fig. 14).

The banded–bedded travertine relation as well as the cross-cut-
ting relationships between the banded travertine veins represent the 
main tool to infer the development mechanism for the fissure-ridge 
growth, and to obtain information on the regional tectonics affect-
ing the area. For this purpose, our main results for the Çukurbağ 
fissure-ridge are as follows (Fig. 14).

(1) It is a syntectonic travertine body.
(2) Its morphotectonic features developed under the strict con-

trol of a fault zone, which became enlarged during its progressive 
development.
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(3) Brittle deformation associated with faulting propagated within 
the bedded travertine mainly belonging to the northern half of the 
ridge, resulting in at least five banded travertine veins; these veins 
were not synchronous and migrated through time, indicating that 
deformation progressively affected the footwall, contemporaneously 
with the downward displacement of the southern half (Fig. 14).

In a more general view, the main results for the travertine fis-
sure-ridges are as follows. The complete development of a fault-
controlled travertine fissure-ridge can be considered as related to 
multiple growth-cycles controlled by fault activity. Each tectonic 
pulse produces progressive enlargement and lengthening of the 
fault segment, enhancing the permeability at the tip zones and 
allowing fluid flow owing to fluid overpressure; fluid discharge 
deposits bedded travertine at the fault tips, progressively destroy-
ing the permeability owing to rapid fracture sealing. Fluid over-
pressure leads to a rise of the table water and related activation of 
springs in the highest portions of the ridge, until the progressive 
sealing of the fissure, which guarantees the banded travertine 
growth (Fig. 13).

In sum, the banded–bedded travertine relation represents a use-
ful tool to reconstruct the palaeotectonic activity in a region.

We are grateful to E. Altunel and E. Bozkurt for the criticisms and construc-
tive comments that allowed us to improve the original version of the paper. 
M.C.A. received the grant of Outstanding Scientist Award by the Turkish 
Academy of Sciences.
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