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Fissure-ridge travertines (FRTs) are of great importance for the determination and comparison of tectonic deformation in
a region. The coeval development of these travertines with active fault zones supplies significant information about
regional dynamics in terms of deformation pattern and evolution. In this paper, the characteristics of FRTs of the Baskale
basin (eastern Turkey) and responsible regional tectonism are discussed for the first time. The Bagskale basin is located
between the Baskale Fault Zone (BFZ) characterised by Camlik fault and Isikli-Ziranis fault. It is located between
dextral Yiiksekova Fault Zone and southern end of dextral Guilato—Siahcheshmeh—Khoy Fault system (Iran). Various
morphological features indicating recent activity are exposed along the BFZ, including offsetting rivers, fissure-ridge
travertine and fault scarps. The Camlik fissure-ridge travertine composing of three different depositions is observed along
the eastern edge of the BFZ with approximately parallel orientations. The Camlik fissure-ridge travertine has been
formed and developed on fault zone related to strike-slip or oblique movements. We explain how kinematic changes of

faults can influence the fissure-ridge development.

Keywords: fissure-ridge travertine; oblique fault; Bagkale basin; Turkish—Iran Plateau; Eastern Anatolia

1. Introduction

Travertines are defined as calcium carbonate deposits that
form in hydrothermal hot springs and in swamps. If fault-
ing affects areas that are characterised by geothermal
anomalies supporting hydrothermal systems, then any
damage to the bedrock will give rise to a network of con-
nected fractures. This enhances the permeability of the
rock masses, promoting circulation and upwelling of
hydrothermal fluids (Bellani, Brogi, Lazzarotto, Liotta, &
Ranalli, 2004; Rowland & Sibson, 2004; Sibson, 2000)
and further seismic activity (Becken & Ritter, 2012;
Becken, Ritter, Bedrosian, & Weckmann, 2011; Gratier,
Favreau, Renard, & Pili, 2002). In such cases, the most
important factor causing hydrothermal fluids to rise to the
surface is the presence of tectonic discontinuity planes
such as faults and major joints. Thus, travertines that are
deposited by thermal springs can be used as an indicator
of tectonic activity (Altunel, 1994; Altunel & Hancock,
1993a, 1993b; Atabey, 2002; Hancock, Chalmers,
Altunel, & Cakir, 1999), and their location, age and
geometry can assist in understanding geometry and
kinematics of the main tectonic structure and stress field
(Altunel & Hancock, 1993a, 1993b; Brogi & Capezzuoli,
2009; Faccenna, Funiciello, Montone, Parotto, &
Voltaggio, 1993; Hancock et al., 1999; Martinez-Diaz &
Hernandez-Enrile, 2001; Temiz & Eikenberg, 2011).
Analysis of fissure-type travertine ridges has been
widely used in studies of active tectonics and several
fissure-ridges described around the world (Altunel &

Hancock, 1993a, 1993b, 1996; Altunel & Karabacak,
2005; Atabey, 2002; Brogi & Capezzuoli, 2009; Brogi,
Capezzuoli, Algigek, & Gandin, 2014; Brogia et al.,
2016; Cakir, 1999; De Filippis & Billi, 2012; De Filippis
et al., 2012; De Filippis, Anzalone et al. 2013; De
Filippis, Faccenna et al. 2013; Guo & Riding, 1999;
Mesci, Giirsoy, & Tatar, 2008; Mesci et al., 2013; Selim
& Yanik, 2009; Temiz, Gokten, & Eikenberg, 2009;
Temiz & Eikenberg, 2011; Yanik, Uz, & Esenli, 2005).
Recent studies have investigated the relationship between
fissure-ridge travertines (FRTs) and extensional struc-
tures, such as normal or transtensional faults (Alcigek &
Ozkul, 2005; Altunel, 2005; Brogi, Capezzuoli,
Buracchi, & Branca, 2012; Hancock et al., 1999; Shipton
et al., 2004) The majority of circulation and upwelling
of hydrothermal fluids in geothermal areas depend on
fault damage zone (Barbier, 2002). Therefore, travertine
masses depositing from thermal springs are considered
as indicators of recent tectonic activity (Altunel, 1994;
Altunel & Hancock, 1993a, 1993b; Atabey, 2002;
Hancock et al., 1999). Hancock et al. (1999) suggest the
new concept ‘Travitonics’ in order to stress the relation-
ship between travertine deposits and faulting. Therefore,
travertine deposition becomes a very useful tool for
locating active and potentially hazardous faults (Brogi
et al.,, 2012). The architecture and layout of travertine
deposits can also provide very helpful information on the
tectonic setting of several areas, and supply information
on the kinematics of structures affecting the bedrock
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(Brogi et al., 2012). Additionally, the age of the traver-
tine is suggested to be used to determine the age of the
fault (Altunel, 1994, 2005; Hancock et al., 1999). More-
over, very valuable information on the fault geometry
aligns and linkage can be procured by analysing the tra-
vertine masses in terms of morphology and distribution
(Brogi et al., 2012).

Travertine fissure-ridges form when hot hydrothermal
waters ascend through fractures in the bedrock (Altunel,
1994; Altunel & Hancock, 1993a, 1993b; Atabey, 2002;
Bargar, 1978; Chafetz & Folk, 1984; Ford & Pedley,
1996; Guo & Riding, 1998, 1999; Hancock et al., 1999;
Yanik et al., 2005). They are identifiable as geomorpho-
logical structures with a characteristic main crestal fissure
(Altunel & Hancock, 1993a, 1993b, 1996; Bargar, 1978;
Cakir, 1999; Chafetz & Folk, 1984; De Filippis et al.,
2012; Hancock et al., 1999; Uysal et al., 2007, 2009).
Their information is mostly related to (1) damage zone
of normal or transtensional faults which develop within
the hanging walls of normal faults, (2) in step-over zones
between fault segments or (3) in the shear zones related
to strike-slip to oblique movements (Altunel & Hancock,
1993a, 1993b, 1996; Atabey, 2002; Cakir, 1999;
Hancock et al., 1999).

In this paper, we discuss relationship between fis-
sure-ridge travertine (Camlik fissure-ridge, Bagkale, Van)
that is developed in the eastern side of a broad Pliocene
tectonic depression (Bagkale basin). We mapped morpho-
tectonic structures from these sites through aerial ima-
gery analysis (various scales) detailed field surveys for
collecting morphometric and structural data while map-
ping at the 1:500 and larger scales. These data allowed
us to investigate that Baskale fault zone (BFZ) can influ-
ence the fissure-ridge development. In this paper, we
describe the evolution of the fissure-ridge travertine is
controlled by fault zone and coincides with evolution of
sinistral shear zone.

2. Geological setting
2.1. Regional dynamics

The East Anatolian High Plateau (EAHP), north-western
Iran and Caucasus regions together form one of the
regions of extensive high elevation range (average
~2 km) along the Alpine-Himalayan Mountain belt and
also western Asia (Jackson, 1992; Sengor, Ozeren, Geng,
& Zor, 2003; Sengdr & Yilmaz, 1981). The formation of
EAHP started following the northward subduction and
closure of the Neotethyan oceanic gateway between the
Mediterranean and Indian Oceans during the Middle
Miocene and has been linked to extension of the
Aegean, rifting of the Red Sea, and the formation of the
North and East Anatolian fault systems (Jolivet &
Faccenna, 2000). The collusion first leads to crustal
thickening in the Eurasian plate (Dewey, Hempton, Kidd,
Saroglu, & Sengor, 1986) and then to an extensive
magmatism on both Eurasian and Arabian plates (Ekici,
Alpaslan, Parlak, & Temel, 2007; Notsu, Fujitani, Ui,

Matsuda, & Ercan, 1995; Pearce et al., 1990). The initia-
tion of intracontinental tectonics is evidenced by apatite
fission track dating of the exhumation of Bitlis—Zagros
thrust belt 18-13 Ma ago (Okay, Zattin, & Cavazza,
2010). Active deformation during the continental colli-
sion of this period resulted in the topographical rise of
the entire region, due to crustal shortening and thicken-
ing (Saroglu & Yilmaz, 1986; Yilmaz, Saroglu, &
Giiner, 1987). This thickened crust then contributed to
the formation of the North Anatolian and East Anatolian
transform faults due to N-S-trending contractional
regime that prevailed during the continental collision.
The region subsequently adapted to the compressional
tectonic regime with E-W-oriented extensions (Yilmaz
et al.,, 1987). As a result, the Eastern Anatolia block also
termed as the Eastern Anatolia Compressional Tectonic
Block, and its extent has been defined through modelling
of long-term GPS measurements (Djamour, Vernant,
Nankali, & Tavakoli, 2011; Reilinger et al., 2006). The
block has been further divided into three plateaus on the
basis of GPS measurements: (1) the Turkish—Iranian pla-
teau; (2) the Lesser Caucasus—Talesh plateau; and (3) the
Central Iranian plateau (Djamour et al., 2011; Reilinger
et al., 2006, Figure 1(a)).

Eastern Turkey is an area of active continental com-
pression (Figure 1(a)), and this region has been domi-
nated by compressional deformation since Early Pliocene
(Dewey et al.,, 1986; Kocyigit, Yilmaz, Adamia, &
Kuloshvili, 2001; Saroglu & Yilmaz, 1986; Sengdr &
Kidd, 1979; Sengér & Yilmaz, 1981; Yilmaz et al,
1987). Previous works have asserted that the compres-
sional—contractional tectonic regime extended beyond the
compression-extension neotectonic regime of the Late
Pliocene. An extension rate for the Bitlis—Zagros Suture
Zone has been given by Djamour et al. (2011), who
report a maximum extension of 1-2 mm/year within the
Caldiran-North Tabriz Fault System. This fault system is
dominated by a strike-slip regime, and it was noted by
these authors that the extension rate increases eastward
in concordance with a decrease in the strike-slip compo-
nent. Additionally, Reilinger et al. (2006) reported that
around 10% of the convergence between the Arabian
plate and the relatively stable Eurasian plate is accom-
modated by lithospheric shortening in the northern part
of the collision zone, although no associated extension
rates were determined. However, Bagc1 (1997) calculated
the extension rate of Eastern Anatolia to be 7 mm/year
on the basis of fault plane solutions.

The EAHP has a complex tectonic structure and is
characterised by a strike-slip faulting-dominated neotec-
tonic regime with related structures (Dhont & Chorowicz,
2006; Kogyigit et al., 2001), including the Bagkale sinistral
strike-slip fault zones; the Balikgolii, Karayazi-Ercis,
Caldiran, and Yiksekova dextral strike-slip fault zones,
and the Giirpinar thrust or reverse zault zones (Figure 1(b),
Arpat, Saroglu, & 1Z, 1976; Cisternas et al., 1989;
Dhont & Chorowicz, 2006; Horasan & Boztepe-Giiney,
2006; Kogyigit, 1985a, 1985b; Kogyigit et al., 2001;
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Rebai et al., 1993; Saroglu, Emre, & Boray, 1987; Saroglu
& Yilmaz, 1986). A large number of destructive earth-
quakes of differing magnitudes have been recorded within
this region, both historically and more recently by modern
instrumentation. For example, the historical earthquakes in
Hayatsdzaron on 7 April 1646, in Hosap on 8 March 1715
and in Ahlat on 30 May 1880 caused considerable destruc-
tion to the city of Van and its surroundings (Ambraseys,
2001; Ambraseys & Finkel, 1995). More recently, the
earthquakes of Tutak (Mw 6.0) in 1941, Caldiran (Mw 7.3)
in 1976 and Van-Tabanli (Mw 7.2) in 2011 suggest that the
eastern Turkey remains seismically active.

2.2. Geological setting of the Baskale basin

Camlik fissure ridge is located in the eastern side of the
Bagkale basin, a tectonic depression related to the BFZ.
The Bagkale basin represents the central part of a broad
tectonic depression about 82-km long and NNE-SSW
oriented (Figure 2). Four main geological associations
are found in the Bagkale basin: (1) Pre-Neogene base-
ment metamorphic rocks, dominated by the marbles and
schists of the Paleozoic Bitlis Massif (Boray, 1975;
Erdogan, 1975; Gonciioglu & Turhan, 1984; Ricou,
1971; Yilmaz, 1971, 1975); (2) Neogene clastic sedimen-
tary and volcanic rocks, including lacustrine limestone
and sandstones and basalt-tuffs; (3) Quaternary fluvial
and colluvial sediments; and (4) Quaternary travertines
(Figure 2). The Quaternary part of the basin trends NE—
SW and is bounded by basement rocks on its western
and eastern sides except in the northern part of basin
bounded by volcanic units to the east. The most strati-
graphically and tectonically significant Quaternary forma-
tions within the study area are the travertine deposits
that crop out on the eastern side of the Bagkale basin
(Figure 3(a)). The northern part of the eastern side of the
basin is characterised by terrace-type travertines, while
the southern part hosts FRTs.

The margin of the Bagkale basin is bounded by
NNE-SSW striking sinistral strike-slip fault known as
the BFZ. The BFZ itself is around 12-km wide, 100-km
long and represents a N-S-trending zone of active
deformation located between Lake Van to the west and
the Turkish—Iranian border to the east (Emre, Dogan,
Ozalp, & Yildirim, 2005; Emre et al., 2013; Kogyigit,
2005, Figure 1(b)). Based on aerial photographs, the
BFZ was divided into two faults which are restricting
the east and west of Bagkale basin (Kogyigit, 2005)
and divided into six individual segments by Emre et al.
(2013). The BFZ is divided into three individual seg-
ments based on the geometric changes in the strike ori-
entation (Figure 3(a)). These segments are named as
Isikli, Ziranis and Camlik.

The western margin of the Baskale basin is bounded
by east-dipping, NNW-SSE striking sinistral strike-slip
faults with normal component which are namely Isikli
and Ziranis segments (Figure 3(a)). These segments elon-
gate between Isikli and Kagkol villages and have a linear

morphological signature (Figure 3(b)). The morphology
of the contact reveals that at this particular point the fault
is stepping to the east forming at least two fault scarps.
The average elevation of the region (3048 m) drops by
around 800 m to the flat surface of the basin on western
side (Figure 3(b, c)). The Isikli segment (near the Isikli
Village) is 20 km and elongates from the eastern slopes
of Bagkale Mountain (3668 m) and Mengene Mountain
(3443 m) (Figure 3(c)). Also at this locality, the fault
also creates a boundary for the western margin of the
Pre-Neogene basement rocks and Quaternary deposits.
Sinistral motion of the Isikli segment is transferred to
Ziranig segment by a left step over the north of Ortayol
Village (Figure 3(a)). Additionally, it is noted that there
is minor extension resulting in a small-scale depression
on basement rocks. Ziranig segment elongates towards
the eastern slopes of Giiven Mountain for ~10 km. This
segment has an average strike as N20°E and dipping of
east.

The eastern margin of the Baskale basin is bounded
by Camlik Fault. This fault elongates as NE-SW, and
show strike-slip and/or oblique-slip (rake ranging from
25° to 45°) (Figure 3(d)) movements with left-lateral
kinematics (NE-SW-trending Camlik Fault shows
oblique-slip movement (rake ranging from 25° to 45°)
with left-lateral kinematics (Figure 3(d)). The most strati-
graphically and tectonically significant Quaternary forma-
tions within the study area are the travertine deposits
that crop out of along the east side of Bagkale basin
(Figure 3(d)).

3. Fissure-ridge travertines

FRTs are identifiable as geomorphological structures that
occur along the long axes of thermal travertine anticli-
nes, and range from a few tens of metres to over 2000 m
in length, with a characteristic main crestal fissure
(Altunel & Hancock, 1993a, 1993b, 1996; Bargar, 1978;
Cakir, 1999; Chafetz & Folk, 1984; De Filippis et al.,
2012; Hancock et al., 1999; Uysal et al., 2007, 2009).
Fissure-ridge travertine structures typically contain two
dominant deposit types: (1) bedded travertines, which
are porous and stratified deposits forming the bulk and
flanks of the fissure ridge; and (2) banded travertines,
which are sparitic, nonporous and often subvertical
deposits, with growth bands of different colours, filling
veins that permeate the interior of the bedded travertine
(De Filippis, Faccenna et al. 2013). In studying their
growth, a number of researchers have suggested that
coeval deposition of banded and bedded travertines is
tectonically controlled and is related to the progressive
dilation of the ridge (Altunel & Hancock, 1993a, 1993b;
Cakir, 1999; Mesci et al., 2008; Temiz & Eikenberg,
2011). In contrast, other workers have suggested that the
banded and bedded travertines were deposited at differ-
ent times, owing to the combined effects of climate,
local subsidence and the gravitational collapse of the
ridge (De Filippis, Anzalone et al. 2013; De Filippis,
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Figure 1. (a) Location of the study area and block boundaries from Reilinger et al. (2006) and Djamour et al. (2011). (b) Seismotec-
tonic map of Lake Van Basin and its surroundings (fault from Karakhanian et al., 2004; Kogyigit et al., 2001) (earthqukae from
Ambraseys & Finkel, 1995; Ergin, Giigli, & Uz, 1967; Soysal, Sipahioglu, Kolcak, & Altinok, 1981; Tan, Tapirdamaz, & Yorik,

2008).

Faccenna et al. 2013). Recent studies have shown that Various studies from the last 30 years have provided
the banded-bedded travertine relationship can be a useful travertine ages of up to 380,000 years, using the
tool in reconstructing the tectonic activity of a region BOTR/B4B87  disequilibrium  method  (Blackwell &
(Brogi et al., 2014). Schwarcz, 1986; Brunnacker, Jager, Hennig, Preuss, &
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Griin, 1983; Eikenberg et al., 2001; Harmon, Glazek, &
Nowak, 1980; Schwarcz, Griin, Latham, Mania, &
Brunnacker, 1988). The fact that the age of travertines
determined represents a valuable opportunity for under-
standing various problematic tectonic regimes, because
travertines typically contain tectonic structures that
formed at the time of deposition and shortly thereafter.
These preserved structures can provide information on
the direction and chronology of the tectonic stress field
during and after travertine deposition (Altunel, 1994). As
a result, various studies have been conducted to deter-
mine the compression directions and dilation rates within
a region, based on the information obtained from fissure-
ridge travertine deposits (Altunel & Karabacak, 2005;
Mesci et al.,, 2008; Temiz & Eikenberg, 2011; Temiz
et al., 2009).

3.1. Camlik travertine

Pleistocene—Holocene travertines in Bagkale basin have
been morphological described by Kogyigit (2005). This
travertine was deposited during Pleistocene and
Holocene by hot waters and overlies Quaternary fluvio-
lacustrine deposits. The variety of travertine outcrop at
this region: fissure ridges, terraced mounds, cones and
waterfall deposits. The different type travertine and ther-
mal springs are mainly related to the BFZ and inten-
sively located at the east of Bagkale basin.

The Camlik FRTs are located on the eastern side of
Bagkale basin (Figure 3(a)). This morphotectonic feature
is located on a fluvial terrace linked to the morphological
evolution induced by the Cigilsu River, running about
500-m west of the study area (Figure 4(a)). The Camlik
FRTs includes three different fissure-ridge travertine with
a variety of long and wide (Figure 4(b)). The FRTs
within the central fissures are partially filled with banded
travertines with NW-SE orientations (Figure 4(b)).
Bedded travertines make up the slopes of the FRTs, and
vary between 5° and 30° dip angle, with the greatest dip
found in the middle of the FRTs (Figure 4(c)). The geo-
metric and morphological features of the fissure ridge are
very different to each other. These differences will be
discussed in following sections. All of the data (for
example: long axis, with) from fissure-ridge travertines
are collected by Differential Global Positioning System

Table 1. Data for fissure ridges from 1EFR, 2CFR and 3WFR.

(DGPS) for analysing the morphotectonic features of 17
fissure ridges (Table 1).

3.1.1. Eastern fissure-ridge travertines

The Eastern fissure-ridge travertines (EFRs) are inactive
and are the oldest of the travertines in this region
(Figure 4(a)). They are located on the eastern ridge of
the Camlik travertine, and are approximately 3-km long
and 12-m wide (Figure 4(a) and Table 1). The orienta-
tion of the open fracture ranges N10°-15°W, and the
opening is around 90-120-cm wide (Figures 4(b), 5(a, b)
and Table 1). The banded travertine that fills the open
fracture has thicknesses ranging from 50 to 100 cm. The
bedded travertine that forms the slopes of the FRT are
around 10-12 m in thickness and their dips varies
between 5° and 25° (Figure 4(c)). These bedded-traverti-
nes contain alternating colours and textures (Figure 5(c)),
which are thought to be related with climatic changes in
this region. Additionally, they have been show a gener-
ally more gentle inclination and dominantly porous fab-
ric which formed by laminar microbialites composed of
shrubs and rafts and associated with micritic laminae and
lithoclasts (Brogi et al., 2014). It is suggest that this situ-
ation characterised by slow flow on microterraced or
gently undulating low-angle slopes (Capezzuoli &
Gandin, 2005; Gandin & Capezzuoli, 2008). The con-
tacts were much shaped between banded and bedded
travertine. Banded travertine formed by onyx-like and
white to brown calcite veins of centimetre. The overall
morphological structure of the eastern (1) FRTs comprise
a central fissure, with banded travertines on both sides,
and bedded travertines forming both slopes (Figure 5(a)).
This travertine formation displays a symmetric structure
with respect to the central fissure.

3.1.2.  Central fissure-ridge travertines

The banded travertine and central fissure are not
observed in the Central fissure-ridge travertines (CFRs)
and only bedded travertine is exposed on the western
slope. The FRT is around 1-km long and has a variable
width, ranging from 3 m at the head and 5-6 m in the
central section (Figure 6(a, b) and Table 1), and the trend

Average axis

Master normal

Fissure ridge Lat Long orientation (°)  Length (m)  Width (m)  Height (m) fault striking (°)
EFRa N 37°57'10.80"  E 44°0620.69" 10 1750 12 10 10
EFRb N 37°56'10.44"  E 44°06'14.24" 15 1200 8 12 10
CFRa N 37°5628.77"  E 44°05'43.96" 22 450 3 5 10
CFRb N 37°56'53.37"  E 44°0527.49" 30 470 5 4 10
WFRa N 37°56'45.40"  E 44°0523.21" 37 300 2 2 10
WFRb N 37°5629.20"  E 44°05'38.04" 45 525 3.5 3 10
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of the inactive central fissure varies between N20°W and
N30°W (Figure 4(b)). The western slope of bedded
travertine, which is used as an onyx mine, is 5-6-m
thick and its dips varies between 25° and 35° (Figures
4(c) and 6(c)). The close to black coloured bands of tra-
vertine are seen in the alternations of the bedded traver-
tine (Figure 6(c, d)), which indicate sudden chemical
changes in the waters that supplied the FRTs. Eastern
slope of this travertine is steeper than western slope, cre-
ating an asymmetry with respect to the central fissure

(Figure 6(a)).

3.1.3. Western fissure-ridge travertines

The Western fissure-ridge travertines (WFR) is the
youngest of its type in the Bagkale basin, and was active
until 2014. Thus, it represents a key example of the
natural appearance of terraced-mound travertines,
whose formation is ongoing on the western slope
(Figure 7(a, b)). The WFR is 800-m long and 3-4-m
wide along its length (Table 1 and Figure 7(a, b)).The
central fissure has width around 20-40 cm (Figure 7(c))
and its orientation varies between N35°W and N45°W
(Figure 4(b)). When the open fissure is followed along
the ridge, it shows considerable variation in its strike,
which indicates that the fissure ridge is affected by
intense deformation. Additionally, a number of travertine
pools were observed on the ridge, which remained active
up to 2014 (Figure 7(c)), but had dried up by 2015
(Figure 7(d)). The overall morphology of the western
WFR comprises a central fissure, banded travertines on
both sides of the central fissure and bedded travertines
along both of the slopes (Figure 8(a, b)). As seen in cross
section (Figure 8(a, b)), the WFR was formed as a result
of one phases of fluid upwelling, giving rise to the
banded and bedded travertines. Some author suggest that
minor fractures have been filled by fibrous calcite crystals
that grew in syntaxial mode, like the banded travertine
veins (Figure 8(c)), thus suggesting hydrothermal fluid
circulation also in the peripheral fracture sets (Brogi
et al., 2014). Figure 8(c) shows that this fracture
(1. Banded travertine) is totally filled by banded calcite
veins. In a few cases, banded veins are locally affected
by sub-centimetre vertical offsets with a normal compo-
nent of movement (Brogi et al., 2014). Bedded travertines
of WFR are different of bedded of EFR and composed of
irregularly alternating laminae or bands of crystalline and
microbial facies (Figure 8(a)). The crystalline crust is
mostly located in the eastern of part, higher portion of the
ridge, where they show highly inclined bedding.

The Camlik FRTs are mainly related to the activity
BFZ and evaluation of FRTs were strictly influenced by
the BFZ. Additionally, Bagkale basin is sinistral shear
zone which is bounded by Camlik (CF), Ziranis and Isikl1
faults (IF). The FRTs outcrop along the east side of basin
in N10°-50°W orientation among faults that are present
in the N10°E orientation and is characterised by a sinis-
tral strike-slip with normal component (Figure 9(a, b)).

The various morphological features indicate that Isikli
fault firstly leads to the development of basin. Because,
IF was formed steep and high fault scarps (up to 500 m)
and sudden breaks in slope at western part of basin
(Figure 3(c)). No high and steep scarps have been
observed along the Camlik fault (CF), but travertine
deposits, fault scarps (78 m) and thermal spring consist
of east of Cigilsu river indicate that CF constitutes one of
the active faults in Bagkale basin.

3.2. Fissure-ridge morphotectonic and age of
travertine deposits

A detailed geomorphological study has been carried out
according to mainly field observation. We analysed the
main morphotectonic data from fissure ridges of EFR,
CFR and WFR. All of the data (for example: long axis,
with) from FRTs are collected by DGPS for analysing the
morphotectonic features of 17 fissure ridges (Table 1).
These long axes are plotted in Figure 9(c) to understand
their spatial distribution and geometrical relationship with
the master fault. We have also plotted the angular separa-
tion between the strike of the master fault and the strike
of the fissure-ridge long axis (Aa) versus the length of fis-
sure ridges to understand whether the tectonic control on
these structures is dependent on their size (Figure 10).
Figure 10 shows a weak (EFR and CFR) and moderate
(WFR) parallelism between the normal fault and related
fissure ridge, whose orientation is pretty scatter and
length appears considerably independent of Aa.

The extension directions have been determined from
the orientation of fibres existing in the banded travertines
of vertical fractures (Mohajjel & Taghipour, 2014). There-
fore, it is a good indicator for regional extension direction
(Altunel & Hancock, 1993a; Altunel & Karabacak, 2005;
Cakir, 1999; Mesci et al., 2013; Mohajjel & Taghipour,
2014). The FRTs within the central fissures are partially
filled with banded travertines with NW-SE orientations
(Figure 4(b)). Bedded travertines make up the slopes of
the FRTs, and vary between 5° and 30° dip angle, with the
greatest dip found in the middle of the FRT (Figure 4(c)).
The major trends of the FRTs are found to be N10°W and
N50°W (Figure 4(b)). For ease of further study, the FRTs
in the Camlik travertines are numbered 1-3 from east to
west. We plotted long axes and present-day extension
(GPS data) in rose diagrams (Figure 9(c)) which show that
extension direction of this region is NE-SW stress direc-
tions and these long axes are rotated anticlockwise
(Figure 9(d)). Also, kinematic data-set (dip of fault plane,
slicklines) of Camlik fault were analysed by using the
computational ‘Minimized Shear Stress Variation’ algo-
rithm by Michael (1984) embedded in MyFault© 1.03
(Pangea Scientifi ¢™) software (Figure 9(a)). There is a
good agreement between the kinematic data-sets of
Camlik fault and elongating long axes of fissure-ridge
travertine. The calculated stress tensor of these data-sets
indicates a sinistral shear zone with a NE-SW extensional,
and NW-SE compressional stress regime (Figure 9(d)).
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U-series age determination analyses have been com-
pared the age of fissure-ridge travertine. Samples were
collected from the ridge wall (Figure 8(c)), in considera-
tion of the fact that the travertine grew from the fissure
margins towards the centre of the fissure and are there-
fore younger in the centres than at the margins. A total
of four banded travertine samples were collected from
the Camlik travertines for U-series age determination.
These samples consist of two collections search from the
EFR and WFR. Banded travertine was not collected from
the CFR, because the margin and the centre of the fis-
sure are not seen in this travertine. Figure 8(c) shows the
sampling locations. WFR had begun to form 19,210
+ 1.862 years BP (Table 2). For this reason, Camlik fault
has been active since Late Pleistocene.

4. Discussion

The Bagkale basin is one of active deformation area in
the Eastern Anatolia. This basin bounded by Camlik,
Isikli and Ziranis faults. These faults have been
described as pure sinistral strike-slip fault up to now
(Emre et al., 2013; Kogyigit, 2005). But, as kinematic
and morphologic data indicate that these faults were
characterised by a sinistral strike-slip with normal com-
ponent as fault scarps, sudden slope, rake ranging from
25° to 45°. Additionally, these faults have been con-
trolled the development of Bagkale basin and form sinis-
tral shear zone at this region. But, this basin is
characterised by an asymmetrical profile showing along
the west to east. Its western slope is higher than eastern
slope and two steep of fault scarps. The fault scarps are
separated by a NNE-SSW morphological lineament.
While the west of first fault scarps controlled by Isikli
segment, second fault scarps can be controlled by a
transtensional fault which is located between Ortayol and
Isikl Villages. This fault may be a controlled deforma-
tion of middle part of sinistral shear zone (Baskale
basin).

Fissure-ridge travertine occurring in several parts of
the world are mainly related to damage zone of normal
or transtensional faults and associated fractures (Altunel
& Hancock, 1993a, 1993b; Brogi et al., 2014; Cakir,
1999; Ford & Pedley, 1996, Hancock et al., 1999). The
Camlik travertines are located within the NE-trending
Bagkale basin in eastern Turkey, having developed in
association with the fault zone which is controlled at the
Bagkale basin; they contain three FRTs structures
(Figure 4). These travertines crop out within the N10°E-
trending sinistral shear zone, and the FRTs are mainly
oriented NW-SE (Figures 3(b) and 4(a)). The orienta-
tions of the FRTs are seen to vary between N10°W and
N50°W (Figure 4(b)), in approximately 10° steps. This
turning of the open fracture indicates that the direction
of horizontal extension has shifted counterclockwise and
NE-SW extensional direction. Additionally, the
calculated stress tensor of kinematic data-sets of Camlik
fault indicates a sinistral shear zone with a NE-SW

(U0 aetiviey — 1} % 1000.

U-Th measurements for fissure travertines in the Bagkale basin, eastern Turkey. **U

Table 2.

B4Um (3*°Th/>*>Th) (3°Th/?8U) Age (kyr BP) U Ages* (kyr BP)

*’Th (ng/g)

U (ngle)

0.009
0.003

Sample

0.34
1.86

0.06 162.3 1.5 1.14
204.2 4.7 19.21

0.38

1.70
22.23

0.0002 162.1 1.4 2.77 0.08 0.0187 0.001
2.7 5.86 0.08 0.2222

0.0004

0.20
0.33

0.00001

3¢

0.003

196.9

0.00001

3m

Ages* are corrected assuming the initial 2°Th/?**Th activity ratio of 0.9 + 50%. BP stands for ‘Before present’ (before 1950).
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extensional, and NW-SE compressional stress regime.
According to this, turning of the open fracture indicates
that extension direction in this region is changed E-W
up to NE-SW (Figure 9(d)). It could be explained by the
developing of new fault in the middle part of the Baskale
basin or consequence of kinematics changes of the mas-
ter fault. The trends of long axis of Quaternary travertine
ridges in the Lake Urmia area (Mohajjel & Taghipour,
2014), located immediately to east of our study area
represent strong similarities with those observed in the
Bagskale basin.

The Camlik travertines contain three different FRT
systems, with variable widths of travertines within the

408000 415000 422000

Pre-Neo Neogene

- Basement - Tuff
/ Normalwitr N Basalt

strike SIlp fault Sandstone-limestonel Sandstone-mudstone

central fissures. The ages of samples collected from the
centres and margins of the banded travertines in these
fissure ridges were determined using the U/Th disequilib-
rium method (Table 2). However, we were only able to
determine the age of the WFR. We found that this traver-
tine had begun to form 19,210 + 1.862 years BP ago, but
deposition has continued until the present day
(Figure 8(d)). Field observations indicate that the EFR is
older than the other travertines in the area, mostly
because the width of the banded travertine and the length
of its long axis are greater than elsewhere (Figure 4(a)).
Additionally, these data demonstrate that the BFZ has
been active since Late Pleistocene.

429000 436000 443000

ficak

Quatera -

| Alluvium
- Travertine

Figure 2. (a) Sketch map of the geology of the Baskale basin (Ates et al., 2007). (b) Digital elevation model of the study area,

including the Camlik travertine in the Bagkale basin.
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strike slip fault £
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Si. Bartholomew

Fisuure-ridge travertingil

Figure 3. (a) Some of the major active faults in Bagkale Basin. (b) Panaromic view of the Isikli fault the red diamond symbol
represents the morphological line of IF. (c) Google Earth™ image showing the detailed geometry of the IF Segment. (d) Panaromic

view of the Camlik fault and Camlik fissure-ridge travertine.

A further analysis of the obtained FRT ages enables
the calculation of dilation rates both during and after the
deposition of the fissure ridge (Altunel & Karabacak,
2005; Temiz & Eikenberg, 2011). On the basis of the
sampling carried out among the Camlik travertines of the
Bagkale basin, we calculated dilation rates of 0.019 mm/
year during the deposition of the travertines, and
0.11 mm/year since travertine deposition ceased. Consid-
ering this difference in dilation rates, it can be inferred
that the extension in this area is non-linear. Further, it
can be suggested that the shift in the direction of hori-
zontal extensional stress was the fundamental cause of
this discrepancy in dilation rates. Previous studies have
estimated extension rates in Eastern Anatolia of 1-2 mm/
year on the basis of GPS velocities measured within the
Caldiran-North Tabriz Fault System (Djamour et al.,
2011). Our calculations can provide average extensional
rates of 0.06 mm/year for the Camlik travertine in the
Bagkale basin.

In general, the morphology and internal anatomy of a
faulted ridge are strictly influenced by the evolution of
the associated fault zone (Brogi et al., 2014). In particu-
lar, the morphology and internal anatomy of the Camlik

travertines are excellently preserved (Figure 7(a, b)).
Field observations indicate that each of ridges consists of
both banded and bedded travertines with no overlap
between the individual FRT structures. Even if the WFR
uniquely contains two sets of banded and bedded
travertines, 1. Banded travertine is actually banded veins
and filled by calcite veins. In a few cases, banded veins
are locally affected by subcentimetre vertical offsets with
a normal component of movement (Brogi et al., 2014).
The three FRTs studied here under going progressive
migration towards the west (Figure 4(a)) and the elonga-
tion of long axis is seen to vary between N10°W and
N50°W (Figure 4(b)), in approximately 10° steps.
Figure 11 shows the probable evolution of fissure-ridge
travertine is influenced by the development of tectonic
regime in this region. The basis of field observation, the
EFR likely began to develop as a result of movement on
the faulting (Figure 11(a)). Probably, transtensional faults
in middle of basin have been effective at the develop-
ment of CFR (Figure 11(b)). As it is seen in cross sec-
tion at EFR, there is banded calcite vein. This data
demonstrate that the Camlik fault has normal component
since Late Pleistocene (Figure 11(c)). All data indicate
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of fissure ridge long axes and the strike of the master normal faults. (c) Strike of the main fissure at the top of the ridge measured at

the indicated positions along the fissure ridge.

that growth and development mechanism of the Camlik
fissure-ridge travertine have been influenced by fault
zone evolution.

The N-S-trending Bagkale basin is located in south-
eastern part of the EATCB, and is situated in a critical

position for understanding the active deformation of the
EATCB itself (Figure 1(b)). The Bagkale basin is con-
trolled by the BFZ, and previous studies have suggested
that the BFZ shows dominantly sinistral strike-slip
movement (Emre et al., 2013; Kogyigit, 2005). However,
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Figure 5. (a) Cross-sectional view of the EFR, showing banded travertines in the central fissure, and bedded travertines in the slope.
(b) The central fissure of a ridge. (c) Bedded travertine of the EFR containing alternating colours and textures of travertine.
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Figure 6. (a, b) Views of the CFR from the top of the ridge. (c) Width of the bedded travertine. (d) Black coloured travertine band
within the bedded travertine.
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Figure 7. (a, b) Views of the CFR from the top of the ridge. (c) Central fissure of the ridge. (d) Active of travertine pool upon the
ridge. (e) Inactive travertine pool upon the ridge.
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Figure 8. (a) Cross-sectional view of the WFR, containing banded travertines around the central fissure and bedded travertines in
the slope. (b) Schematic illustration showing the development of the fissure-ridge travertine. (¢) Width of the banded travertine. (d)

New fissure-ridge travertine to the west of the existing ridge.

our field studies have shown that the BFZ comprises
mostly NNE-trending fault segments, which have

180
1EFR
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< |perpendiculiarin|I ] (]
g e
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0 + + + +
10 100 1000 10000
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Figure 10. Diagram of Aa versus length of fissure ridges. Aa
is the angular separation between the strike of the master nor-
mal fault and the strike of fissure ridges.

sinistral strike-slip movements with a significant normal
component (Figure 2).

5. Conclusions

The Camlik fissure-ridge travertine composing of three
different depositions are observed along the eastern edge
of the BFZ with approximately parallel orientations. This
turning of the open fracture (the slight rotation along the
long axis of open fractures) indicates that the direction
of horizontal extension has shifted counterclockwise and
NE-SW extensional direction. Additionally, kinematic
analyses of Camlik fault indicate NE-SW extensional
and NW-SE compressional stress regime in this region.
For this reason, there is consistency between extensional
direction obtained from kinematic analyses and elonga-
tion of long axes of fissure-ridge travertine. However,
the plotted elongation of long axes in rose diagrams
shows anticlockwise rotation differing between N10°W
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and N50°W (Figure 4(b)), in approximately 10° steps.
This causes the anticlockwise rotation was controlled by
fault zone evolution. Consequently, the complete devel-
opments of the Camlik fissure-ridge depend on evolution
of faults which are bounded Bagkale basin and transten-
sional fault at middle part of this basin.

To understand changes of the tectonic regime in the
Eastern Anatolia, the Baskale basin is one of the signifi-
cant areas of active deformation taking place. This basin
is bounded by Camlik, Isikli and Ziranis faults. The
kinematic and morphologic data indicate that these faults
are characterised by a sinistral strike-slip or with normal

Main fault
N“=

L[HEI”‘”/!
Present -
extension f
FR

CFR

ii WFR

(a) Close-up views of the Camlik fault and stereographic plots of slip-plane data measured on slickensides of the fault. (b)

component. Various morphological features indicating
recent activity are exposed along these faults, including
fissure-ridge travertine, sudden break slopes and fault
scarps.

Another result of this study is the determination of
such dilation rates in the Bagkale basin from structural
and radiometric analysis of the FRTs; they were found to
extend at a rate of 0.019 mm/year during travertine depo-
sition, and 0.11 mm/year after deposition had ceased.

In sum, fissure-ridge travertine developments are
affected by tectonic regimes in the region and it carry
the traces of the regime change.
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Figure 11. Schematic illustrations, based on our field data, developing of the Camlik travertine, which is influenced under change of
the tectonic regime in Bagkale basin, resulting in the progressive migration of the three FRTs.
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