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The Baºkale Basin is located in the easternmost part of Türkiye, within a tectonically active area, and located at the intersection of Europe, Asia and the Middle East. In this study, the Dereiçi travertines, one of the most important products of
neotectonism in the basin, were investigated sedimentologically, mineralogically and geochemically. To understand the
neotectonic evolution of the travertine succession, the sequence was studied from bottom to top as regards morphology,
lithofacies and U/Th dates. Crystalline crust, coated gas bubbles, shrub, paper-thin raft and palaeosol lithofacies have been
detected in the Derei¸i travertines, which are morphologically of layer type, two ridge types and terrace type. The Dereiçi
travertines commenced to precipitate at the intersection of the IêÏklÏ and IlÏcak faults at 255.56 ±9.01 ka, and their deposition
continues today. Travertine deposition paused twice between 198.31 ±18–143.07 ±1.5 ka and 96.73 ±8.34–61.59 ±5.4 ka,
when palaeosol development took place. According to field and laboratory studies, the Dereiçi travertines developed under
climate and tectonic control. The IêÏklÏ and IlÏcak faults played active roles in the development of the travertines. As the travertine ages are linked to movement on both faults, the age of the IêÏklÏ Fault should be 255.56 ±9.01 ka or earlier, and that of
the IlÏcak Fault should be 143.07 ±1.5 ka or earlier.
Key words: Baºkale Basin, Dereiçi travertines, U/Th dating, lithofacies, palaeoclimate.

INTRODUCTION
The study area is located south-east of Lake Van (eastern
Türkiye; Fig. 1A), at the north-west end of the Baºkale Basin,
whose western and eastern edges are controlled by faults, between the Bitlis Zagros suture zone and the Guilato–Siahcheshmeh–Khoy Fault system in north-west Iran
(SaÈlam Selçuk and Düzgün, 2017). The basin extends from
north-east to south-west, and is 10–15 km wide and 80 km long
(Emre et al., 2012; SaÈlam Selçuk, 2016; SaÈlam Selçuk and
Düzgün, 2017). Although many studies focus on the tectonic
evolution of the Lake Van basin (Çukur et al., 2013; KoçyiÈit,
2013; Toker, 2013, 2014; SaÈlam Selçuk, 2016; Toker et al.,
2017a, b; Toker and Tur, 2018; Toker and ªahin, 2019), the
evolution of the Baºkale Basin has been neglected. The
Baºkale Fault Zone, forming the Baºkale Basin, starts from
Yavuzlar village in the north-east (SaÈlam Selçuk and Düzgün,
2017) and extends to Dereiçi village in the south-west.
The basin and its surroundings include (i) Pre-Neogene
rocks consisting mainly of marble and schists, (ii) Neogene volcanic rocks such as basalt, ignimbrite, and (iii) Quaternary deposits including alluvial sediments and travertines (Boray, 1975;
GöncüoÈlu and Turhan, 1984; Ricou, 1971; YÏlmaz, 1971,
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1975). Pre-Neogene rocks and Quaternary deposits are exposed clearly in the study area. Paleozoic–Mesozoic metamorphic rocks of the Bitlis Massif form the basement (Fig. 1C). The
Bitlis Massif, the largest metamorphic massif in Türkiye, is
made up of low- to high-grade metamorphic rocks (YÏlmaz,
1975; TolluoÈlu, 1981; ªengün, 1984; GöncüoÈlu and Turhan,
1985; HelvacÏ and Griffin, 1985). The Yüksekova Complex,
consisting of Upper Cretaceous granitic and dioritic rocks together with aplitic veins cutting these rocks, unconformably
overlies the basement (Perinçek, 1979) and is unconformably
overlain by the lower and middle Eocene Durankaya Complex,
comprising shale, sandstone, and limestone (Perinçek, 1990).
Travertines and recent alluvium developed, related to NE–SW
trending strike-slip faults that formed as a result of tectonic
movements, and these unconformably overlie the previous
units (Yeºilova, 2021; Fig. 1C).
Travertines are formed by the deposition and accumulation
of calcium carbonate along a fault line, where groundwater rich
in calcium and bicarbonate comes to the surface (Pedley, 1990;
Ford and Pedley, 1996; Guo and Riding, 1998; Pentecost,
2005; Gandin and Capezuoli, 2008). Because of these features, travertines are mostly found in geothermal fields
(Muir-Wood, 1993; Chafetz and Folk, 1984; Sibson et al., 1975;
Altunel and Hancock, 1993a, b; Griffiths and Pedley, 1995;
Pentecost, 1995, 2005; Guo and Riding, 1998; Özkul et al.,
2002; Piper et al., 2007; Faccenna et al., 2008; Mesci et al.,
2008) and follow the fracture system (Altunel and Hancock,
1993b; Guo and Riding, 1998; Fouke et al., 2000; Pentecost,
2005; Veysey et al., 2008; Guido et al., 2010; Guido and Camp-
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Fig. 1A – location map of the study area, the arrows indicate the direction of movement of the plates; B – map show ing
the location of the travertines (C); C – geological map of the study area and surrounding region (sample locations
are shown with letter T on the map, all faults shown on the map are revised after SaÈlam Selçuk and Düzgün (2017)

bell, 2011; Yeºilova et al., 2019, 2021). Many parameters, the
most important of which is palaeomorphology, affect the development and morphology of travertines (Ordonez et al., 1986;
Pentecost, 1995; Guo and Riding, 1998), such as tectonics
(Altunel and Hancock, 1993b; Guo and Riding, 1998; Fouke et
al., 2000; Pentecost, 2005; Brogi and Capezzuoli, 2009, 2014)
and climate (Pedley, 1990; Andrews, 2006; Toker et al., 2015;
Toker, 2017; Tagliasacchi-Toker and Kayseri-Özer, 2020;
Kandemir et al., 2021). However, many factors control travertine occurrence, including the shape of the source, the chemistry (including calcium content) of the water, morphology, biological activity, and volcanism (Julia, 1983; Barnes et al., 1978;
Chafetz and Folk, 1984; Pedley, 1990; Altunel and Hancock,
1993a, b; Ford and Pedley, 1996; Guo and Riding, 1998; Pentecost, 2005; D’Alessandro et al., 2007; Huybers and Langmuir,
2009; Guido et al., 2010; Capezuoli et al., 2014). Palaeosols record the physical, biological, and chemical history of travertine-forming systems (Tabor and Meyers, 2015). The name of
palaeosol is given to ancient soils formed due to the interaction
of the lithosphere, hydrosphere, biosphere and atmosphere

(Kraus, 1999; Retallack, 2014; Tabor and Meyers, 2015).
Palaeosols are frequently used in palaeoclimate assessments
due to their high pollen content (e.g., Richmond, 1962; Bertini et
al., 2014; Tagliasacchi-Toker, 2018; Tagliasacchi-Toker and
Kayseri-Özer, 2020), and their presence also indicates that
weathering processes began and thus travertine occurrence
ceased (Chafetz and Folk, 1984; Guo and Riding, 1998; Özkul
et al., 2002; Van Noten et al., 2018). Palaeosol occurrence can
also occur with a change in direction of the thermal waters that
make up the travertine (Brogi et al., 2012; Capezzuoli et al.,
2014; Gandin and Capezzuoli, 2014; Brogi et al., 2016).
This study determines the deposition and development of the
Dereiçi travertines in the Baºkale Basin, notably the effects of climate, tectonism, magmatism, biological activity and groundwater
on this travertine deposit. These help constrain the parameters
controlling the age and development of Derei¸i travertines. This
study is the first to detail the occurrence of travertines in the
Baºkale Basin, a tectonically active area on the Eastern Anatolian Plateau, and also contributes to understanding the tectonic
evolution and climate dynamics of the area.
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MATERIALS AND METHODS
The study area covers an average area of 20 km2 between
the villages of Dereiçi, Uludurak and Beºocak. In this area,
measured stratigraphic sections were made of each travertine
succession detected, and travertine lithofacies descriptions/interpretations were made. Sections were measured at the best
travertine exposures, of which four sections were of layer type,
three of a first ridge type, three of a second ridge type and two
were of terrace type travertines (Fig. 1C). The generalized columnar section was derived by correlation of related successions (Fig. 2).
For U/Th radiometric analysis, samples were obtained from
the lower and upper parts of each succession. In addition, for
petrographic analysis involving thin section petrography, scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX), 52 samples were selected from the travertine successions. Petrographic thin sections were made from
40 samples, and SEM-EDAX analysis was performed on 12
samples. Six samples, from the lower and the upper parts of
each travertine succession, were sent for U/Th age dating. The
UTM coordinates for the corner points of the study area and for
the samples taken for U/Th analysis are given in Table 1.
Field study. In the field studies, each travertine unit was
identified separately, and the stratigraphical relationship of the
travertines was determined and related to the regional tectonic
history. The succession, which is locally obscured by overburden, was established by tracing lateral continuity. Four travertine morphologies were identified in this study. These are (i)
layer type travertines, (ii) first ridge type travertines, (iii) second
ridge type travertines and (iv) terrace type travertines.
Lithofacies and lithofacies associations were determined according to their lithological characteristics (layer location, layer
thickness, colour, macrofossil content, macrotexture, porosity,
etc.; e.g., Julia, 1983; Chafetz and Folk, 1984; Pedley, 1990;
Ford and Pedley, 1996; Guo and Riding, 1998; Pentecost,
2005; Gandin and Capezuoli, 2008; Capezuoli et al., 2104).
Palaeosols in the study area consist of beige-brown and unconTable 1
UTM coordinate of study area and sample locations (for U/Th)
UTM coordinate of Study area (38 S)
UTM coordinate

Corner point
1

408069 E / 4190194 K

2

409712 E / 4189451 K

3

408212 E / 4189444 K
406794 E / 4188170 K

4

UTM coordinate of samples (38 S)
Sample no

UTM coordinate

T6

409092 E / 4188922 K

T5

408610 E / 4189349 K

T4

407544 E / 4188219 K

T3

407695 E / 4188310 K

T2

407635 E / 4188269 K

T1

407677 E / 4188227 K

3

solidated sandy-silty and clayey units (e.g., Kraus, 1999;
Retallack, 2014; Tabor and Meyers, 2015). Two palaeosol levels were identified in the travertines, which occur both between
bedded travertines and ridge travertines, and between two
ridge type travertines (Fig. 2).
Defining the faults in the study area was helped by data
from previous studies, with factors such as the movement
mechanisms and directions being taken into account (Emre et
al., 2012; KoçyiÈit, 2013; SaÈlam Selçuk, 2016; SaÈlam Selçuk
and Düzgün, 2017). The IêÏklÏ Fault (defined in the study area)
is ~5 km away from IêÏklÏ village, causing both lateral (sinistral)
and vertical (along-slope) movements within the geological
units. As regards its location and kinematic characteristics, the
IìÏklÏ Fault recognized in the study area is a continuation of the
IêÏklÏ Fault described in previous studies (SaÈlam Selçuk, 2016;
SaÈlam Selçuk and Düzgün, 2017). The layer type travertines
were developed on the block moving downslope due to the effect of this fault (Fig. 1C). The IlÏcak Fault was located at an average distance of 7 km from the area where it was originally defined and mapped and along the same direction. Sinistral
movement was detected in the units affected by this fault, on
which the 1st ridge type travertines were formed (Fig. 1C). The
fault lines identified in this study were not excavated, and so
more detailed data cannot be provided. Fault definitions were
made based on previous studies (Emre et al., 2012; KoçyiÈit,
2013; SaÈlam Selçuk, 2016; SaÈlam Selçuk and Düzgün,
2017) and on movements in the geological units affected.
U/Th analysis. Six samples were collected from lower and
upper parts of each travertine occurrence (Fig. 2) and analysed
(Table 2). About 40–80 g of sample was prepared by crushing
with a hammer. U/Th analyses were performed using a
multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS), Thermo Electron Neptune, in the High-precision
Mass Spectrometry and Environment Change Laboratory
(HISPEC), Department of Geosciences, National Taiwan University. A triple-spike 229Th-233U-236U isotope dilution method
(Shen et al., 2003) was used to correct for instrumental fractionation and to determine U/Th isotopic and concentration (Shen
et al., 2012). The half-lives of U-Th nuclides used are available
in Cheng et al. (2013). Uncertainties in the U-Th isotopic data
and 230Th dates were calculated at the 2s level or two standard
deviations of the mean (2sm) unless otherwise stated.
Minerology-Petrography. 52 samples were collected for
mineralogical and petrographic analysis: 40 samples for thin
sections and 12 samples for SEM analysis.
Thin sections were prepared in the laboratory of Dokuz
Eylül University, TorbalÏ Vocational High School. Oriented
matchbox-sized samples were cut and glued to 2 mm-thick
frosted glass slides with araldite and hardener. The adhered
samples were thinned on an abrasive disc to prepare for examination under the microscope. Mineralogical and petrographic
determinations were made according to standard carbonate
and established travertine classifications (Folk, 1962; Dunham,
1962; Pentecost, 2005; Riding, 2008).
The SEM samples were examined at the Scientific Research and Application Center of Van Yüzüncü YÏl University,
using a type of electron microscope that obtains images by
scanning the sample surface with a focused electron beam,
providing information about the topography and composition of
the sample surface. Both natural and polished sections were
coated with Au-Pd for 90 seconds for SEM analysis, and photographed with an SE2 detector.
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Fig. 2. Stratigraphic section showing the travertine in Dereiçi region
In the cross-section, lithofacies associations and sample locations are indicated
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Analytical errors are 2s of the mean. a[238U] = [235U] ´ 137.818 (±0.65‰) (Hiess et al., 2012); d234U = ([234U/238U]activity – 1) ´ 1000. bd234Uinitial corrected was calculated based
on 230Th age (T), i.e., d234Uinitial = d234Umeasured Xel234*T, and T is corrected age. c[230Th/238U]activity = 1 – e–l230T + (d234Umeasured/1000)[l230/(l230 – l234)](1 – e–(l230 – l234)T), where T is the
age. Decay constants are 9.1705 ´ 10–6 yr–1 for 230Th, 2.8221 ´ 10–6 yr–1 for 234U (Cheng et al., 2013), and 1.55125 ´ 10–10 yr–1 for 238U (Jaffey et al., 1971).dAge corrections,
r e l a t i v e t o 1 9 5 0 A D , we r e c a l c u l a t e d u s i n g a n e s t i m a t e d a t o m i c 2 3 0 T h / 2 3 2 T h r a t i o o f 4 ( ± 2 ) ´ 1 0 – 6 . T h o s e a r e t h e v a l u e s f o r a m a t e r i a l a t s e c u l a r e q u i l i b r i u m , wi t h t h e c r u s t a l
232
T h / 2 3 8U v a l u e o f 3 . 8 . T h e e r r o r s a r e a r b i t r a r i l y a s s u m e d t o b e 5 0 %

431.439 ±17.4
256.18 ±9.1
195.3 ±5.35
0.0622
T6

26.8 ±0.1

1022 ±7

1.0761 ±0.007

465.18 ±3.89

255.56 ±9.01

391.26 ±26
212.069 ±18
223.6 ±8.4
0.0560
T5

19.210 ±0.087

0.0683
T4

3738 ±8.13

13133 ±40

1.096 ±0.032

26.43 ±0.77

198.31 ±18

423.23 ±6.0

320.821 ±7.6
96.73 ±8.34

143.07 ±1.5

109.55 ±5.4

143.299 ±1.5

28.578 ±1.19

1.046 ±0.01

255.5 ±3.43

307.9 ±4.2
21.7 ±0

0.0940
T3

1807.8 ±3.2

879.1 ±23

0.8429 ±0.027

2974.30 ±20.43

61.59 ±5.4
69.667 ±3.7
181.5 ±1.8
0.0703
T2

1833 ±2.77

792.2 ±25

0.556 ±0.02

21.19 ±1.03

222.77 ±4.6

332.34 ±9.9
38.21 ±12.1
59.371 ±4.4
12.43 ±1.00
305.2 ±4.2
0.0814
T1

5406 ±12.85

3987.2 ±211

0.556 ±0.03

A g e (k a B P )
c o rre c t e d c,d
A g e (k a a g o )
u n c o rre c t e d
Th / 232Th
a t o m i c (´ 1 0 –6)
230

Th / 238U
activityc
230

d234U
m e a s u re d a
Th
[ppb]

232

238U
[ p p b a]
Weight
[g]
S am pl e ID

Composition of the uranium and thorium isotopes and 230Th ages for the travertine and tufa samples

d234Uinitial
c o rre c t e d b

Table 2

RESULTS
A generalized travertine stratigraphic column for the area
was prepared, taking into account lateral and vertical lithofacies
variations (Fig. 2). The Dereiçi travertines, with a total thickness
of 232 m and containing four different travertine successions,
consist of 5 different lithofacies (Fig. 2). The travertines occur at
the intersection points of the IêÏklÏ dextral strike-slip fault with a
normal component and NNE–SSW trend and the IlÏcak left-lateral strike-slip fault of NE–SW trend (see Fig. 1C).
At the base of the sequence are layer type travertines
formed between 255.58 ka and 198.31 ±18 ka (255.56 ±9.01–
198.31 ±18 ka at the base of the first travertine unit; Fig. 3A, B).
Ridge type travertines above the layer type travertines were
formed between 143.07 ±1.5–96.73 ±8.34 ka (second travertine unit). The overlying second ridge type travertines formed at
about 61.59 ±5.4 ka (third travertine unit). Lastly, from
38.21 ±12.1 ka, terrace type travertines (fourth travertine unit)
formed on the southeastern slope of the second ridge type
travertines (Fig. 3G). Terrace-type travertines still continue to
form (see Figs. 1C and 2).

MORPHOLOGICAL CLASSIFICATION
Layer type travertine. This is observed in the field as
cream-yellow, medium to thick bedded travertine. Its morphology consists of 4 different travertine lithofacies including crystalline crust, shrub, coated gas bubbles and paper-thin raft
lithofacies. Travertines in the first 55 metres of the 81-metre
thickness include an alternation of crystalline crust, shrub and
coated gas bubble lithofacies (Fig. 2). In the remaining 26
metres of this type, there is an alternation of shrub and paper-thin raft lithofacies (Fig. 2). This travertine developed along
the last 2 kilometres of the southern tip of the IêÏklÏ Fault (see
Fig. 1C).
First ridge type travertine. These travertines, which overlie the layer type travertines, are 85 metres thick, being separated from them by a 2 metre-thick palaeosol (Fig. 2). This light
to dark brown travertine formed along the IlÏcak left-lateral
strike-slip fault at its intersection with the IêÏklÏ normal component-left-lateral strike-slip fault. Its length is ~500 m (Fig. 3C, D).
Crystalline crust and coated gas bubbles lithofacies form the
main lithofacies, accompanied by shrub lithofacies. Only one instance of paper-thin raft lithofacies was observed in the section.
There is locally a waterfall lithofacies association on the steep
slopes of this travertine type (Fig. 3D).
Second ridge type travertine. This starts with a palaeosol
level at the base, as with the first ridge type travertine (Fig. 2).
This travertine morphology, with a total thickness of 13 metres,
has four different lithofacies: crystalline crust, shrub, coated gas
bubbles and paper-thin raft (Figs. 2 and 3E, F). This morphology was formed by waters carried upwards due to a fracture
that opened on the north-east slope of the first ridge type travertine (see Fig. 1). Terrace type travertines formed on the southeast slopes of the NE–SW trending travertines. An alternation
of crystalline crust and coated gas bubbles lithofacies was
found in the lower parts of the travertine succession, and an alternation of shrub and paper-thin raft lithofacies in the upper
parts (Fig. 2).
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Fig. 3. Different travertine units in the study area
A, B – terrace type travertine, C–F – ridge type travertine, G, H – terrace type travertine
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Terrace type travertine. This travertine unit formed in three
different periods; first, second and third. The travertines completely dried and ran out of water in the first period. These
travertines are a common weathering product, and were affected by tectonism (Fig. 3H). In the second period, semi-current travertines formed, the lower parts of which represent completely dry conditions, while the upper parts have water outlets
in places. Weathering processes have also started in these
travertines (Fig. 3H). Current travertines ranging in colour from
white to cream are situated at the south end of the terrace type
travertines (Fig. 3G, H). The terrace type travertines become
younger as the distance from the crack axis of the second ridge
type travertine increases (i.e. they become younger towards the
south-east). The total thickness of the travertine succession
reaches ~56 m.

TRAVERTINE LITHOFACIES
Within the travertine succession, 5 different lithofacies types
were distinguished: crystalline crust, shrub, coated gas bubbles, paper-thin raft and palaeosol (Figs. 2 and 3). Crystalline
crust and coated gas bubbles lithofacies are the most frequent
types in the field. Lithofacies definitions and naming are based
on previous studies (Chafetz and Folk, 1984; Guo, 1993; Guo
and Riding, 1998; Ozkul et al., 2002; Gandin and Capezzuoli,
2008; Capezzuoli et al., 2014).
Crystalline crust lithofacies. The deposits of this
lithofacies are cream-beige in colour, and have a slightly porous
structure (Figs. 2 and 4A). Thicknesses of layers vary from 0.6
to 45 cm.
Coated gas bubbles lithofacies. This is one of the most
common lithofacies in the field, being repeated 30 times or
more in the entire travertine succession (Fig. 2). The layers, 0.3
to 45 cm thick, have beige and white colours and are highly porous (Fig. 4B).
Shrub lithofacies. The layers of this lithofacies are
beige-white, and alternate with layers of paper-thin raft
lithofacies. Their thickness ranges from 1 and 20 cm (Fig. 2).
This lithofacies shows three different forms in the field: (i) as
longitudinally growing shrubs between aragonite layers, (ii) as
dwarf shrubs within layers, and (iii) as tiny shrub balls in terrace
pools (Fig. 4C, D).
Paper-thin raft lithofacies. The layers of this lithofacies
are the least frequent, and alternate with layers of shrub
lithofacies in their upper parts. They were observed in the upper
parts of the layer type and second ridge type travertines in the
study area (Fig. 2). The thickness of the beige and brown layers
ranges from 0.7 and 5 cm (Fig. 4E).
Palaeosol. Palaeosols, beige-brown in colour, are present
at different levels of the sequence, and are calcareous in their
upper parts due to alteration of the overlying travertine (Figs. 2
and 4H). The thicknesses of the lower and upper palaeosol levels are ~2 m and 1.5 m, respectively (Fig. 4H). These thicknesses decrease further down the slope. While the palaeosols
examined in the Dereiçi region overlie an irregular travertine
surface, sharply defined travertines rest on top of them.

MINERALOGY AND PETROGRAPHY
The calcite of the crystalline crustal lithofacies IS mostly observed as limpid calcite crystals (sparry; Fig. 5A–C, E); there
are very few micritic occurences (Fig. 5L, P, Q), While calcite
crystals developed as individual crystals perpendicular to the
growth axis (Fig. 5B, C, E) are observed occasionally (Fig. 5A).
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In places the upper surfaces of bundles of crystals exhibit sinuous textures, while elsewhere they consist of conchoidal fans
(Fig. 5A–C, E). Calcite growth lines have a sinuous texture
within thin calcite laminae (Fig. 5A–C, E). Calcite crystals forming crystal fans display conspicuous extinction under cross-polarized light (Fig. 5A–C). The calcite laminae vary in thickness.
There are also occasional Si- and Mg-bearing nodules of in the
bundles of calcite crystals (Fig. 5C–D). Si, Fe and Mn together
with irregular calcite crystals were identified in the paper-thin
raft lithofacies (Fig. 5F, G). Microbial mats and minerals occur
together in the raft-type lithofacies (Fig. 5F, O). These microbial
mats developed around the minerals (Fig. 5F, O). Shrubs, with
superimposed leaves, resemble thin fans growing along their
long axis (Fig. 5H, I), like the leaves of a short shrub (Fig. 5I),
and these shrubs are surrounded by microbial mats (Fig. 5J).
Again, as for all other lithofacies, Si-bearing grains are encountered in this lithofacies (Fig. 5J, K). The crystalline crustal
lithofacies involves intercalations of aragonite crystals and rods
(see Figs. 4C, F and 5M). These aragonite rods are placed in
superposition and perpendicular to the bedding planes (see
Figs. 4C and 5M).

INTERPRETATION OF FACIES ASSEMBLAGES
Lithofacies types can be used to interpret many aspects
such as distance from source, depositional environment,
pauses in travertine deposition, and fault/fracture activity
(Kitano, 1963; Chafetz and Folk, 1984; Folk et al., 1985;
Chafetz et al., 1991; Ford and Pedley, 1996; Guo and Ridding,
1998; Özkul et al., 2002). Therefore, each lithofacies can represent a different environment.
These travertines indicate different environmental conditions during growth of the lithofacies forming the travertines
(e.g., biological activity, mineralogical and petrographic characteristics, water regime, dip, occurrence temperature) and different lithotypes. These environmental conditions produce different lithofacies associations (Guo and Riding, 1998; Özkul et al.,
2014). The travertines are classified into three main lithofacies
associations and four sub-lithofacies associations using the nomenclature of Guo and Riding (1998). Major lithofacies associations include slope, ridge and depression depositional environments. When reconstructing the depositional environments,
parameters such as the temperature of the water, the slope of
the layers, morphology, location of the main fracture, layer
thicknesses, horizontality of the layers forming the facies, cement type (micrite/sparite) and biological activity are taken into
account (e.g., Guo and Riding, 1998; Özkul et al., 2014;
Capezzuoli et al., 2014).

SLOPE DEPOSITIONAL ENVIRONMENT
This lithofacies association is represented by two sub-lithofacies associations in the field area, consisting of smooth slope
lithofacies assemblages and terraced slope lithofacies assemblages. Smooth slope lithofacies assemblages are morphologically composed of layer type travertines (see Fig. 2). This
sub-lithofacies association also forms the base of the slope
depositional environment lithofacies assemblage. Terraced
slope lithofacies assemblages are morphologically composed
of terrace type travertines (see Fig. 2). This sub-lithofacies association forms in the top of slope depositional environment
lithofacies assemblage.
Smooth slope lithofacies assemblages. This lithofacies
association is represented by crystalline crust, coated gas bub-
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Fig. 4. Different lithofacies types forming the travertines
A – crystalline crust lithofacies; B – coated gas bubbles lithofacies; C, D – shrub lithofacies; E – paper-thin raft lithofacies; F – waterfall
lithofacies association; G – terrace lithofacies assemblages; H – palaeosol, crystalline crust, coated gas bubbles lithofacies
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Fig. 5. Thin section, SEM and EDX images of travertine lithofacies
A, B, E, I, Q – thin section images of lithofacies; note that the calcite fans in (a and e) are not of equal thickness; shrub (C, F, J, L, M, O)
SEM images of lithofacies; H – shrub lithofacies; D, G, K, N – EDX analysis of SEM images; P – crystalline crust lithofacies; ca – calcite,
mm – microbial mat, ar – aragonite, si – silicon, fe – iron, mn – manganese

10

Çetin Yeêilova / Geological Quarterly, 2022, 66: 27

ble and shrub lithofacies with a total thickness of 55 metres. The
crystalline crust lithofacies is 33 metres, the coated gas bubbles
lithofacies is 19 metres, and the shrub lithofacies is 3 metres
thick (see Fig. 2). The dip angle of the slope depositional environment varies between 25 and 35°. The crystalline crust
lithofacies mainly occurs in source areas where water temperature and energy are high (e.g., Guo and Riding, 1998). The
coated gas bubbles lithofacies formed from hydrothermal fluids
with high gas content (Özkul et al., 2014). Considering these
features of the lithofacies, this lithofacies association occurs in
warm water slope environments where rapid water flow and
less biological activity are observed (e.g., Guo and Riding,
1998). The sinuous texture of calcite growth lines, with an upwards trend in thin calcite laminae, indicates that these crystals
grew perpendicular to the depositional axis (Özkul et al., 2001).
That the calcite crystals examined are perpendicular to the bedding planes and have a thin structure indicates limited biological
activity and thus rapid water flow. Because the flow rate of the
water forming the calcite crystal fans was not constant, these
crystal fans developed with different sizes (see Fig. 6A, B, E)
(e.g., Özkul et al., 2001; Jones, 2017; Luo et al., 2021).
Terraced slope lithofacies assemblages. This is the last
lithofacies association, with a thickness of 46 m at the top of the
sequence. Travertine terrace pools are represented by the
shrub lithofacies and waterfall lithofacies association growing in
pools. The edges of these pools are composed of crystalline
crust lithofacies, while the terrace pools are made up of paper-thin raft, shrub and coated gas bubble lithofacies. The waterfall lithofacies association is beige-white, observed in the
study area on the walls of the pools of the terrace type
travertines and on the wall of the first ridge type travertines
(Figs. 3D, G and 4F, G). On the edges of the terrace pools, the
lithofacies association is 10–80 cm-thick and beige-white, while
on the walls of the first ridge type travertine it is 10–15 cm-thick
and brown (Figs. 3D, G and 4 F, G). The uppermost levels of
the first ridge type lithofacies association are formed by the
crystalline crust lithofacies. However, the uppermost crystalline
crust lithofacies laterally transitions into the waterfall lithofacies
association. Therefore, the waterfall lithofacies association is
not shown on the first ridge type travertines in the section. Likewise, since all lithofacies found in terrace type travertines were
examined in terrace lithofacies assemblages, this lithofacies
association was not shown in the section (see Fig. 2). This
lithofacies association still continues to form. The temperature
of the waters varies presently from 12 to 17°C, mostly due to
seasonal temperature changes. The average air temperature
difference between summer and winter is ~40°C. The growth of
the shrubs in the terrace pools and the microbial mats in the
SEM images indicates organic activity (see Fig. 5H–J). The waterfall lithofacies association is surrounded and covered by
shrub lithofacies (e.g., Guo and Riding, 1998). The location and
landscape of deposits and lithofacies characteristics show that
this lithofacies association developed in the form of terraces
overflowing with water, the terrace walls formed by the overflowing water on steep slopes (e.g., Chafetz and Folk, 1984;
Guo and Riding, 1998).

RIDGE DEPOSITIONAL ENVIRONMENT
This lithofacies association is represented by slope and flat
slope lithofacies assemblages with sub-lithofacies associations.
Slope lithofacies assemblages. The crystalline crust
lithofacies includes an alternation of coated gas bubbles and
shrub lithofacies, just like the smooth slope lithofacies assemblages. These assemblages have similar features to the

smooth slope lithofacies as regards mineralogical and petrographical components. The main difference between the two
lithofacies associations is that smooth slope lithofacies assemblages formed by water flowing down the slope in front of the
fault (layer type travertine). However, slope lithofacies assemblages were formed in ridge type travertines. This lithofacies association formed as a result of a vertical fault on a 30° slope,
with regular water flow along the fault (e.g., Guo and Riding,
1998; Özkul et al., 2014). The lithofacies association formed in
ridge deposition environments may be described with reference
to both plant content and petrographic characteristics (e.g.,
Guo and Riding, 1998; Özkul et al., 2014).
Flat slope lithofacies assemblages. Environments where
the slope angle starts to decrease are termed flat slope (Özkul
et al., 2014). In the first ridge type travertines, it is represented
by crystalline crust and shrub type lithofacies, while in the second ridge type of travertines, it consists of shrub and paper
thin-raft lithofacies. In the field, these are found in lateral continuity with the slope lithofacies assemblages (first ridge type
travertine) or on slope lithofacies assemblages whose layer
slopes are close to horizontal (second ridge type travertine)
(see Fig. 2). Layer thicknesses vary between 3 and 8 cm. Thin
layers indicate that the water flow slowed down on the flattened
topography (e.g., Guo and Riding, 1998; Özkul et al., 2014).
While the waters emerging from the fracture on the slope form
the slope lithofacies assemblages on both sides of the fault, the
flat slope lithofacies assemblages are formed with slope
lithofacies assemblages in areas where the slope becomes flatter (e.g., Guo and Riding, 1998; Özkul et al., 2014).

DEPRESSION DEPOSITIONAL ENVIRONMENT
This lithofacies association is represented by the
sub-lithofacies association of shrub flat lithofacies assemblages.
Shrub flat lithofacies assemblages. Shrub flat lithofacies
assemblages were first used by Guo (1993) and Guo and Riding (1998). The main characteristics of this lithofacies association are horizontal, near-horizontal light-coloured and thin-bedded layers, spreading laterally over large areas. However, in
this study, paper-thin raft lithofacies with the same features will
be included in this sub-lithofacies association. The shrub-like
short plants, microbial activity, and travertine rafts indicate that
the environment was a bush plain and on occasion it changed
to a lacustrine environment (Chafetz and Folk, 1984; Guo and
Riding, 1998; Özkul et al., 2014; Capezzuoli et al., 2104;
Kandemir et al., 2021). It is understood that this sub-lithofacies
formed within the depressional depositional environment, considering the environmental parameters of both lithofacies described above (e.g., Guo and Riding, 1998; Özkul et al., 2014).

DISCUSSION
FACTORS CONTROLLING THE OCCURRENCE OF TRAVERTINE

Many factors control the occurrence of travertine, such as
calcium content, biological activity, morphology, shape of
source, amount of water, climate, tectonism and magmatism
(Julia, 1983; Barnes et al., 1978; Chafetz and Folk, 1984;
Pedley, 1990; Altunel and Hancock, 1993a, b; Ford and Pedley,
1996; Guo and Riding, 1998; Pentecost, 2005; D’Alessandro et
al., 2007; Huybers and Langmuir, 2009; Guido et al., 2010;
Capezuoli et al., 2104; Yeºilova et al., 2021). Here, climate
(Lisiecki and Raymo 2005; North Greenland Ice Core Project
members, 2004; Steffensen et al., 2008; Svensson et al., 2008;
Wolff et al., 2010; Barker et al., 2011; Litt et al., 2014; Toker et
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Fig. 6. Comparison of Dereiçi travertine succession with marine core-ice
core stratigraphy by Lisiecki and Raymo (2005)
A – includes 3 glacial-interglacial periods, respectively; B – NGRIP/GLT-syn
and d18O values (North Greenland Ice Core Project members, 2004; Steffensen
et al., 2008; Svensson et al., 2008; Wolff et al., 2010; Barker et al., 2011); C –
Marine Isotope Stage (MIS) (stack of 57 glob ally distributed benthic d18O records; D – simultaneously, the comparison of this study with Yeºilova et al.
(2021), blue boxes indicate palaeosol occurrence times, yellow boxes indicate
the palaeosol levels in Yeºilova et al. (2021); E – Lake Van Quercus pollen by
Litt et al. (2014)

al., 2015), tectonism (KoçyiÈit, 2013; Emre et al., 2012; SaÈlam
Selçuk, 2016; SaÈlam Selçuk and Düzgün, 2017; Kandemir et
al., 2021), magmatism (Keskin, 2003; Özdemir et al., 2006;
Lebedev et al., 2010; Özdemir and Güleç, 2014; Oyan et al.,
2016, 2017; Oyan, 2018a, b; Açlan and Altun, 2018), source
area and geomorphology are discussed in detail.
Four different stages are represented in the Dereiçi
travertines (Fig. 2). They can be ordered as follows: (i) layer
type travertine between 255.56 ±9.01 ka and 198.31 ±18 ka, (ii)
ridge type travertine between 143.07 ±1.5 ka and
96.73 ±8.34 ka, (iii) ridge type travertine between 61.59 ±5.4 ka
and 38.21 ±12.1 ka, and (iv) terrace type travertine between
31.21 ka to recent times. The formation of travertines evidently
paused twice at the palaeosol levels due to weathering and erosion processes. The first pause occurred between 198.31 ±18
and 143.07 ±1.5 ka and the second one occurred between
96.73 ±8.34 and 61.59 ±5.4 ka (e.g., Kraus, 1999; Retallack,
2014; Tabor and Meyers, 2015). Palaeosols indicate stagnation/displacement in the spring waters making up the travertines
or pauses in tectonic activity (Chafetz and Folk, 1984; Guo and
Riding, 1998; Özkul et al., 2002, 2010; Faccenna et al., 2008).

Climate. This study is the second to examine the travertine
occurrences in Lake Van and surroundings (eastern Türkiye) in
detail, and the first study in the Baºkale Basin. In the first study,
Yeºilova et al. (2021), have examined in detail their occurrence
and development of the Edremit travertines and tufas. Edremit
Travertine and Tufas are located ~85 km north-west of Derei¸i
travertines. Therefore, this study will be correlated with the data
of Yeºilova et al., (2021). Stages of travertine occurrence and
palaeosol levels were used in comparing travertine occurrences with climate data. Palaeosols formed twice in the sequence, between 198.31 ±18 ka and 143.07 ±1.5 ka and between 96.73 ±8.34 ka and 61.59 ±5.4 ka. Lisiecki and Raymo
(2005) examined the d18O records of marine benthic stacks,
with dating based on global glacial episodes. Stockhecke et al.
(2014) studied the 600 ka sedimentary sequence of Lake Van,
and indicated that the Lake Van deposits matched more than
six glacial and interglacial periods of the marine record. When
the formation times of the Dereiçi travertines are evaluated with
their error bars and compared with the glacial and interglacial
periods in the stratigraphy of Lisiecki and Raymo (2005), their
occurrence coincides with the interglacial period in the second
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Fig. 7. The fault systems forming the Baºkale Fault Zone and the location
of the Dereiçi travertines on this fault system
The figure is revised after SaÈlam Selçuk and Düzgün (2017)

cycle (Fig. 6). The occurrence times of palaeosol lithofacies in
the region coincide with glacial periods, though when the error
bars in U/Th ages are taken into account, they also include
interglacial periods (Fig. 6). Considering the error bars, one
third of the interval of the 1st palaeosol (between
198.31 ±18–143.07 ±1.5 ka) corresponds to the interglacial period in the second cycle (Fig. 6). Again, when evaluated together with the error bars, it is seen that more than half of the
2nd palaeosol occurrence (between 96.73 ±8.34–
61.59 ±5.4 ka) coincides with the interglacial periods in the first
cycle (Fig. 6). This situation suggests that palaeosols can form
in both glacial and interglacial periods. The dates of travertine
and palaeosol occurences with error bars are in accordance
(Fig. 6) with the glacial and interglacial periods of the marine
isotope stages (MIS) (NGRIP/GLT-syn d18O; North Greenland
Ice Core Project members 2004; Steffensen et al., 2008;
Svensson et al., 2008; Wolff et al., 2010; Barker et al., 2011).
Sporomorphs are also useful tools for interpreting past climate
and vegetation. In Lake Van, detailed palynological and climatic
studies were made by Litt et al. (2014). The travertine dates
overlap with peaks of oak (Quercus) pollen from the interglacial
periods (Fig. 6; e.g., Litt et al., 2014). Moreover, by correlating
the Edremit travertine and tufas with the climate record,
Yeºilova et al. (2019, 2021) suggested that these occurrences

were affected by climate, but not controlled by it. In the results
obtained in this study, the occurrence times of both travertine
and palaeosol are more compatible with climate influence
(Fig. 6). The area where the travertines formed is 2250 m.a.s.l.
During glacial periods, these areas would have been covered
by thick glaciers (Akçar and Schlüchter, 2005). During glacial
times, travertine occurrence will terminate because permafrost
will prevent recharge of the aquifer (Yeºilova et al., 2019). However, travertine formation would continue anew in the temperate
climate of interglacial periods (Yeºilova et al., 2019).
Tectonism. The Baºkale Basin, a tectonically active area,
is located on a plateau between the Arabian and Eurasian
plates, resulting from collision that took place under a N–S
trending compressional regime (engör and Kidd, 1979;
engör and YÏlmaz, 1981; Dewey et al., 1986; aroÈlu and
YÏlmaz, 1986; YÏlmaz et al., 1987; KoçyiÈit et al., 2001; Utkucu
et al., 2017; Gülyüz et al., 2019). There are many faults with potential to produce earthquakes in the Baºkale Basin (Emre et
al., 2012; KoçyiÈit, 2013; SaÈlam Selçuk and Düzgün, 2017).
The faults forming the present morphology are the IêÏklÏ,
Ziraniê, Erek, ÇamlÏk and IlÏcak faults, called the Baþkale Fault
Zone (SaÈlam Selçuk and Düzgün, 2017; Fig. 7). The Derei¸i
travertines are situated at the intersection of the IêÏklÏ and the
IlÏcak faults (Fig. 7).
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Fig. 8. Stages of travertine formation
The importance of fracture location, source location and flow direction of water in a travertine unit; A – layer type travertine; B, C – ridge
type travertine; D – terrace type travertine (5 shows the newest, 1 the oldest water outlet); pictures showing the condition of active and
passive terraces according to water outlets

The layer type travertines were formed along the fault plane
from hydrothermal solutions carried by the IêÏklÏ Fault to the surface (Fig. 8A). As the travertines formed between
255.56 ±9.01–198.31 ±18 ka, it would be appropriate to estimate an age of 255 ka or earlier for the age of the IêÏklÏ Fault. In
the time span of 57.25 ky between 255.56 ±9.01 ka and
198.31 ±18 ka, this fault was active. A palaeosol formed in the
region as a result of erosion and weathering processes during
the time interval of 198.31 ±18 to 143.07 ±1.5 ka (e.g., Kraus,

1999; Retallack, 2014; Tabor and Meyers, 2015). Between
143.07 ±1.5 and 96.73 ±8.34 ka, hydrothermal solutions
emerging from the fracture, along the strike of the IlÏcak Fault,
started to form the first ridge type travertine (Fig. 8B), at
46.34 ka. Therefore, the IlÏcak Fault was active around
46.34 ka. The IlÏcak Fault, which is ~143.07 ±1.5 ka or older, cut
the older IêÏklÏ Fault, and built younger travertines (Figs. 7
and 8). There is a phase without precipitation of travertines between 143.07 ±1.5 and 96.3 ka, represented by palaeosol oc-
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Fig. 9. The IlÏcak Fault and related secondary faults, forming ridge type travertines (A, B); rising of thermal waters to the surface
along fractures (C, D); collapses and fractures in travertines, and the study area (E, F).

currence due to pauses linked to tectonism or stagnation/displacement in the spring waters forming the travertines (e.g.,
Chafetz and Folk, 1984; Guo and Riding, 1998; Özkul et al.,
2002, 2010; Faccenna et al., 2008). SaÈlam Selçuk and
Düzgün (2017) stated that the sub-basins bordered by the IëÏklÏ
and the Ziraniº faults (northern extension of IëÏklÏ Fault) are
younger than the other sub-basins and therefore these two
faults control the Baºkale Basin. They also pointed out that fault
planes cut by secondary faults developed along the eastern

slopes of the IëÏklÏ and the Ziraniº faults (Fig. 7). The basin still
migrates towards the east due to related faults. Another fault
parallel to the IëÏklÏ Fault formed a second ridge type travertine
with secondary faults cutting the IëÏklÏ Fault plane (Figs. 8C and
9A, B). Secondary faults also cut the IlÏcak Fault (Fig. 9A, B).
Formation of the second ridge type travertine continued until
38.21 ±12.1 ka, after which the waters leaking from the fractures that opened along the slopes of the ridge type travertines
produced the terrace type travertine (Fig. 8D). The terrace type
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Fig. 10. Temporal representation of travertine development

travertine is the fourth and last travertine unit (see Fig. 2), and
still continues to form (see Figs. 3G and 9A, B). The terrace
type travertines young from NW to SE. While the first terraces
are situated on the northwestern side of the travertines, other
younger travertines are located on the southeastern side (see
Figs. 3H and 8D).
Volcanism and magmatism. The oldest known volcanism
in the Eastern Anatolian plateau commenced ~15 Ma (Lebedev
et al., 2010) and continued until the year 1441 (Özdemir et al.,
2006). The last oceanic lithosphere in the region was completely lost ~20 million years ago (Okay et al., 2010), and collision happened between 25 and 30 Ma (Oyan 2018a; Açlan and
Altun 2018). The thin lithospheric mantle and the 38–45
km-thick crust (Zor et al., 2003; Angus et al., 2006; Özacar et
al., 2008; Kind et al., 2015) led to the development of magmatic
activity in the asthenospheric and lithospheric mantle (Keskin,

2003; Özdemir and Güleç, 2014; Oyan et al., 2016, 2017;
Oyan, 2018b). Consequently, the hot mantle rose and melting
continued throughout the Quaternary (Oyan et al., 2016, 2017;
Oyan, 2018b). These events are the main reasons for the
warming of groundwater and thermal activity (Yeºilova et al.,
2021a). Moreover, CO2 gas was released with volcanism at the
end of glacial periods and led to carbonate dissolution in hydrothermal fluids (D’Alessandro et al., 2007; Huybers and
Langmuir, 2009; Guido et al., 2010; Capezuoli et al., 2014).
Hence, volcanism and magmatism in the region may be effective in warming the waters from which the travertines form.
Geothermal gradients can also help warm these waters. Nevertheless, the influence of magmatism should be tested
geochemically.
Water resources and geomorphology. The geomorphology and the source area are critical to the Dereiçi travertines
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Fig. 11. Stages of growth of travertine around the Dereiçi area
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(Chafetz and Folk, 1984; Pentecost, 1995; Guo and Riding,
1998; Özkul et al., 2002, 2010; Faccenna et al., 2008). Waters
issuing from the fracture system, which developed perpendicular to the dip of the slope, flowed down the slope, and sourced
the terrace type travertines (Figs. 8A and 10A). In the faults developed parallel to the dip of the slope, ridge type travertines
were generated from water flowing from both sides of the fault
(Figs. 8B, C and 10B, C). The terrace type travertine was
formed by the hydrothermal waters flowing out at the intersection of two slopes with mutually perpendicular dips (Figs. 8D
and 10D). During pauses at the source outlet, travertine formation ended and palaeosol developed (e.g., Chafetz and Folk,
1984; Guo and Riding, 1998; Özkul et al., 2002, 2010; Faccenna et al., 2008). The two palaeosol levels indicate the source
outlet. The location of the recent post-palaeosol travertines indicates that the source exit points that controlled the travertines
changed, as shown by the source change in terrace type
travertines. These displacements in the source area are
thought to result from tectonism and dense carbonate deposited from the spring water blocking the source outlet.
Growth stage of travertine. The growth rate of travertines
is controlled by many factors such as climate, tectonism, water
chemistry, geomorphology, vegetation, and biotic-abiotic
mechanisms (Gradziñski, 2010; Capezzuoli et al., 2014). The
average growth speed of travertines has been determined as
20 cm/ka–1 (Pentecost, 2005). There are four different stages
for development for the travertines in the area (Fig. 11). The first
stage is the layer type travertine (Fig. 11), which formed in the
time interval 255.56 ±9.01–198.31 ±18 ka, with a growth rate of
1.81cm/ka–1 (with the error bars, the lowest rate is 0.96 cm/ka–1,
and the highest is 2.66 cm/ka–1). The second stage is the ridge
type travertine (Fig. 11), which formed between 143.07 ±1.5
and 96.73 ±8.34 ka and had a growth rate of 1.915 cm/ka–1 (with
error bars, 1,51 to 2.32 cm/ka–1). The third stage is the ridge
type travertine (Fig. 11), which formed between
61.59 ±5.4–38.21 ±12.1 ka and had a growth rate of 1.275
cm/ka–1 (error bars, the 0.31 to 2.24 cm/ka–1). The fourth stage
is the terrace type travertine with a growth rate of 1.625 cm/ka–1,
which formed from 38.21 ±12.1 ka to the present (Fig. 11; with
error bars, 1.11 to 2.14 cm/ka–1). The first ridge type travertine
had the highest growth rate, whereas the second ridge type
travertine had the lowest growth rate (Fig. 11). However, the average growth rate of almost all the travertines was 1 cm/ka-1 or
more, though these values are far below the values suggested
by previous studies (Pentecost, 2005). Possible reasons for the
low values are: (i) open error bars, and (ii) the presence of
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palaeosols on the travertine successions showing erosion, and
conditions at the source (water flow rate, calcium content). Considering that the largest of the three active springs currently
forming travertines has a flow rate of 400 ml/s, the amount of
water emerging from the spring is extremely low nowadays.
However, the low amount of calcium in the source may also be
a reason. Yeºilova et al. (2021) suggested that travertine
growth velocities in the Edremit area (eastern Türkiye) were between 0.007 and 0.06 cm/ka–1. The growth rates of the Dereiçi
travertines are considerably higher than those of the Edremit
travertines and tufas. There are long karst gaps in front of the
slopes. As a result of these gaps, collapses occurred in the upper travertine deposits. The low growth velocities of travertine
may therefore be linked to unidentified gaps (Fig. 10E, F; e.g.,
Gradziñski et al., 2018).
The processes that affect the Derei¸i travertines are climate, tectonism, volcanism and magmatism. However, while
the development of Derei¸i travertines is directly related to climate and tectonism, volcanism and magmatism are secondary
processes as regards the Dereiçi travertines. The flow direction
of the source and the geomorphology also shaped the morphology of the Dereiçi travertines.

CONCLUSIONS
Three factors were effective in forming the Dereiçi
travertines. Climate and tectonism are the principal factors that
controlled their development, while the geomorphology is responsible for their morphological diversity.
The times of deposition of the travertines reflected the fault
history, the IêÏklÏ Fault being active at 255.56 ±9.01 ka and earlier, and the IlÏcak Fault being active at 143.07 ±1.5 ka and earlier. However, the age of secondary faults developing on the
fault slopes of the IêÏklÏ Fault is 61.59 ±5.4 ka and earlier. Using
this approach to constraining the timing of activity on the IêÏklÏ
Fault, which played an active role in developing the area, and
the secondary faults developing on the fault plane, helps elucidate the tectonic evolution of the area.
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