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ABSTRACT
The Bor Plain, which is located in the Middle Kızılırmak subregion of the Central Anatolia Region, extends 14 km toward the west of Niğde. The fan delta 
deposition system in the southwest of the Bor Plain was formed on the fault-controlled foothills of Mt. Keçiboyduran. The fandelta sequence shows that a 
paleolake formed during a phase because of the mineralogical content and frequently changing facies. Additionally, clay minerals and herbaceous plants 
reflecting humid and arid climatic conditions illustrate the lake-level changes. Six changes in the lake level occurred from marine isotope stage (MIS) 7 to 
(MIS) 5. Three major high stands occurred in the paleolake at the lowest and middle parts of the sequence. The first high stand was a stepwise transgression 
between ~240 and ~230 ka., and the second high stand was between ~200 and ~195 ka. The third high stand was characterized by a short transgression at 
182 ka. After this stage, the lake receded significantly at 127 and 105 ka, indicating climatic control over the water level changes. In the transition from the 
Middle to Late Pleistocene, a revival of volcanic activity in the Leşkeri monogenic volcanic mass released volcanic material, affecting sedimentation. Volcanic 
rocks increase dramatically in the upper section of the fandelta during an interval that coincides with low lake-level fluctuations. 
Keywords: Fan delta, Paleoclimate, MIS7

ÖZ
İç Anadolu Bölgesi’nin Orta Kızılırmak bölümünde bulunan Bor Ovası, Niğde’nin batısına doğru 14 km uzanır. Ovanın güneybatısındaki yelpaze deltası, 
Keçiboyduran Dağı’nın fay kontrollü eteğinde oluşmuştur. Fan delta, mineralojik içerik ve sık sık değişen fasiyes nedeniyle bir faz sırasında eski bir göl 
ortamında oluştuğunu göstermektedir. Ayrıca nemli ve kurak iklim koşullarını yansıtan kil mineralleri ve otsu bitkiler göl seviyesindeki değişimleri 
göstermektedir. Deniz izotop aşaması (MIS) 7’den (MIS) 5’e kadar göl seviyesinde altı kez değişiklik meydana geldiği anlaşılmaktadır. İstifin en alt ve orta 
kısımlarında eski göl ortamında üç büyük yüksek basamak meydana gelmiştir. İlk yüksek basamak, ~240 ile ~230 ka arasında ve İkinci yüksek basamak ~200 
ile ~195 ka arasındadır. Üçüncü yüksek basamak 182 ka’da görülmektedir. Bu aşamadan sonra göl 127 ka ve 105 ka da önemli ölçüde gerilemiştir. Bu durum 
su seviyesi değişiklikleri üzerinde iklim kontrolünün olduğunu göstermektedir. Ayrıca Orta Pleyistosen’den Geç Pleyistosen’e geçişte, Leşkeri volkanik 
kütlesinden çıkan materyal sedimantasyona etki etmiştir. Bu nedenle volkanik kayaçlar, düşük göl seviyesi dalgalanmalarına denk gelen bir aralıkta fan 
deltanın üst kesiminde önemli ölçüde artar.
Anahtar kelimeler: Fan delta, Plaeoiklim, MIS7
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1. INTRODUCTION

	 Paleolake environments formed in a volcanic region, where 
tectonics are active, are complex systems. Often the development 
of such a lake is accompanied by the accumulation of fan deltas 
(Gruszka and Zieliński, 2021). Thus, fandeltas are crucial 
elements of this system. Fan deltas developing at the margins of 
expanded lakes provide vital evidence, recording the depositional 
environments and hydrological dynamics of lake basins that 
have experienced climatic changes in the past (Colella et al., 
1992). This is reflected in the sediments forming a delta or in the 
morphology of the delta (Orton and Reading, 1993). The 
configuration of the drainage basin, the depth of the water, the 
transport and accumulation of sediments, and the nature of the 
processes in the underwater environment, which are among the 
main factors in the environment, affect the functioning of such a 
system (Rodriguez et al., 2000). The sediment load feeding the 
delta, which plays an important role in the shape and size of a 
delta, is an important aspect of facies sequences (Woronko and 
Pochocka-Szwarc, 2013). In addition, lake level variations are 
the main way in which lakes respond hydrologically, and they 
are significant in reconstructing past climate changes regionally 
and globally (Karabıyıkoğlu, 1999). In the Central Anatolian 
Region, paleolakes and fandeltas occupy many closed basins 

that developed during the glacial periods of the Quaternary 
(Cohen and Erol, 1969; Erol, 1991). Detailed studies about fossil 
shoreline deposits and associated lacustrine sediments 
(Kuzucuoğlu, 2019; Kuzucuoğlu et al., 2020) have provided 
critical data about the chronology of lake-level changes, 
depositional settings, and climatic conditions during the 
Pleistocene (Roberts, 1983). The Bor Basin is one of the closed 
basins developing in the southeast part of the Central Anatolia 
region of Turkey (Fig. 1a). The Bor Basin is surrounded by 
Konya and Ereğli basins to the west and volcanic mountains 
such as Mt. Melendiz, Mt. Keçiboyduran, and Mt. Hasan to the 
north (Fig. 1b, c). The closed basin corresponds to a plain that 
rises from 1050 to 1115 m above sea level (asl) and corresponds 
to the clayey–sandy bottom of an old lake (paleolake) covering 
an area of approximately 670 km2. The fandelta deposition 
system, which is the subject of the study, is located on the fault-
controlled foothills of Keçiboyduran Mountain, in the southwest 
of the Bor Plain. Gürel and Lermi (2008) presented the results of 
detailed sedimentological and partial geochemical analysis of 
the various non-marine sedimentary facies in the Bor Plain. 
Bayer-Altın et al. (2015) studied environmental and climatic 
changes during the Pleistocene–Holocene in the Bor Plain taking 
mineralogical data into account. In addition, Bayer-Altın et al. 
(2021) determined the relationship between the location of 

Fig. 1. a) Location of Bor Plain within Central Anatolia (37°50’59” North and 34°28’0” East), b) digital elevation model of plain, surroundings and 
location of fan delta (study area) within Niğde province (37°25’39” North and 35°25’38” East), c) 3D view of fan delta  

(37°48’46.58” North and 34°13’51.75” East) and location in the plain.
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Neolithic sites and the lake level changes during the Holocene in 
the Bor Plain. However, no mineralogical, palynological, or 

climatological studies have been conducted on the fandelta 
deposition system in the Bor Plain to date. 

Fig. 2. a) Simplified geological map of the area surrounding the fan delta (study area) (AEFZ: Altınekin Fault Zone, YFZ: Yeniceoba Fault Zone, SFZ: 
Sultanhanı Fault Zone, CFZ: Cihanbeyli Fault Zone, TGF: Tuz Gölü Fault, NF: Niğde Fault, LFZ: Leşkeri Fault Zone, EFZ: Ecemiş Fault Zone, S. Lake: 

Sultanzaslığı Lake, H: Mt. Hasan, K: Mt. Keçiboyduran, M: Mt. Melendiz), (modified from Emre, 1991; Göncüoğlu et al., 1996), b) geological map of 
fan delta vicinity obtained from 1:100,000 scale geology map numbered Karaman-M32 (Ulu, 2009).
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	 Defining the Late Quaternary history of the fandelta 
development and the position of adjacent streams will be the first 
step toward an integrated understanding of the plain and fan 
delta evolution over multiple climate cycles and tectonically 
relevant timescales. Therefore, this study will be the first 
comprehensive multidisciplinary study using dating techniques 
to contribute significantly to the understanding of the evolution 
of the natural environment of the Bor Plain under the influence 
of past climate changes. This study aims to evaluate the spatial-
temporal relationships of the depositional environments in the 
fandelta succession in the plain, to consider regional volcanic 
activities, and to evaluate the glacial/interglacial depositional 
history of the plain. 

2. Geological Setting 

	 The fandelta and its surroundings, which are the subject of 
the study, are located in the Bor Plain. The plain is located in the 
southeastern part of the Central Anatolian Region of Turkey. The 
area is at the intersection of many active fault zones (Fig. 2a). 

	 Much volcanic activity occurred from the Miocene to 
Holocene depending on these zones. Miocene-Holocene volcanic 
activity occurred in the Bor Plain, differing in the type, products, 
and age of volcanism. Large volcanic complexes, large ignimbrite 
outcrops, and numerous monogenic volcanic structures formed 
in the region (Agostini et al., 2015). The Upper Miocene-
Pliocene volcanics and volcaniclastics of the Melendiz Group 
located in the north of the study area cover extensive areas 
(Atabey et al., 1990). A recent study (Doğan-Kulahçı et al., 
2018) dated the volcanism of Obruk-Zengen (i.e. Leşkeri Hill) 
samples to between 0.6 and 0.2 Ma (40Ar/39Ar). The dominant 
fault is the Leşkeri Fault (LF) which has affected the development 
of the Bor Plain, and volcanism at the edge of the plain (Emre, 

1991). Basalts emerged from centers aligned with N-S trending 
volcanic cones due to this opening fissure. The LF was defined 
as an opening fissure by Emre (1991). Many Lower Quaternary 
basaltic volcanic cones lie along the fault zone north of the 
fandelta. Basalts emerged from centers aligned with N-S trending 
volcanic cones due to this opening fissure (Fig. 2b).

3. MATERIAL AND METHODS

	 Sand samples were collected in 2018 and 2019 from a sand 
quarry positioned in the lowest part of the Bor Plain c. 5 km from the 
village of Zengen. The sand quarry consists of lake sediments with 
approximately 30 m thickness. The coordinates of the sampling site 
are 37°48’47.34” north and 34°13’47.26” east. Samples were 
analyzed with (1) thin-section petrography; (2) mineralogy 
determined by powder X-ray diffraction (XRD); (3) optically 
stimulated luminescence (OSL) dating; (4) organic carbon content; 
(5) calcium carbonate content, and (6) fossil pollen analysis.

	 In the field, samples were taken from a fandelta that 
developed in front of the Late Pleistocene volcanic flow tuffs 
moving towards the Bor paleolake, which represents a sand 
quarry sequence. Fourteen samples were collected from horizons 
with different lithologies. Thin sections were prepared from hard 
and cemented samples, and then the mineralogical compositions 
and textural properties of these samples were examined under a 
polarizing microscope (Leica; DM/LSP). The mineral 
composition of the samples was determined by powder XRD at 
the Central Laboratory of Niğde University using a Panalytical 
diffractometer. The XRD analyses were performed using Cu-Kα 
radiation with a scanning speed of 0.02°2θ/min. Samples were 
prepared for clay mineral analyses (size fraction<2 μm) by 
separating the clay fraction by sedimentation, followed by 
centrifugation of the suspension after overnight dispersion in 

Table 1. Results of luminescence dating of samples from the fan delta in the Bor Plain
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distilled water (Moore and Reynolds, 1997). Luminescence 
analyses of collected samples were conducted at the 
Luminescence Research and Archeometry Laboratory of Ankara 
University, Institute of Nuclear Sciences, Turkey. Samples taken 
for OSL analysis were crushed and powdered in a mortar, and 
grains of 90˗180 μm were separated under weakened red light in 
the laboratory. The samples were analyzed using appropriate 
chemicals (for example, grains were treated with 10% HCl and 
10% H2O2 for the removal of carbonates and organics, 
respectively) adhering to the principles of the feldspar pIRIR 
technique age determination. Luminescence dating analysis 
results of all samples whose ages were calculated are given in 
Table 1. The total organic carbon (TOC) content of 14 samples 
obtained from the fandelta was also estimated by the titration 
method described by Gaudette et al. (1974). The amount of 
organic carbon in the solid matter was measured as a percentage.

	 The CaCO3 amount in the samples was measured under 
laboratory conditions with a Schiebler-type calcimeter. 
Temperature and pressure corrections were considered when 

calculating the measured value. This measurement is performed 
by measuring the pressure of CO2 gas produced from the reaction 
of samples with hydrochloric acid (HCl). The samples were 
studied for pollen analysis under a microscope using standard 
palynological techniques for disintegrating Quaternary 
sediments, which includes successive treatment with hydrochloric 
acid (HCl), hydrofluoric acid (HF), potassium hydroxide (KOH), 
and heavy liquid separation (ZnCl2). Samples were stored in 
glycerin. A minimum of 150 pollen grains from terrestrial plants 
was counted in each sample. The identification of poromoprhs 
was performed at the lowest possible taxonomic level by 
comparing fossils with their current relatives in pollen atlases 
and the keys of some researchers (Beug, 2004).

4. RESULTS

4.1. Facies analysis

	 The Middle-Late Pleistocene fandelta units in the sand quarry 
are divided into 7 lithofacies according to their lithology, textural 

Table 2. Lithofacies description and environmental interpretation of Middle-Upper Pleistocene deposits in the Bor Plain.
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features, grain shape, cement material, and sedimentary structure 
(Table 2). In this section, both the analysis results and evaluations 

are given in the order of depositional sequence from bottom to 
top (Fig. 3).

Fig. 3. Location of samples in the fan delta system (coded L1, L2, etc.) between 37°48’46.58” North and 34°13’51.75” East. The section is about 30 
m long. The blue circle shows sample locations for OSL dating. Photos (a, b) show cross-bedding in sandstone beds.
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	 Lithofacies F1˗cross-bedded, clast supported, light yellowish 
grey sandstone, Description: Lithofacies is represented by very 
light yellowish grey sandstone (sample L1), and stratigraphically 
forms the base of the depositional sequence (Fig. 4). The 
sandstones are moderate to well-sorted. Scattered gravel clasts 
are sub-angular to well-rounded, derived from sandstone (sample 
L1a) and sandy limestone (sample L1b). L1a and L1b are 
composed of quartz, plagioclase, and hornblende minerals and 
rock fragments. Rock fragments were generally observed as 
rocks with a volcanic origin, which can be defined as basalt and 
andesite (Fig. 5). These facies have an erosional base, and cross 
strata sets are 15-30 cm thick. It has a thickness of 40 m to 50 cm 
and is overlain by cross-bedded, black pebbly sandstone of the 
lithofacies F2.

	 Interpretation: Cross-bedding, which indicates rapid 
sedimentation, is fed by multiple sources, and the feed direction 

changes from time to time beds characteristically develop 
overlapping each other in the facies. Cross-stratified sand and 
gravel deposits indicate that beach-shoreface sediments were 
deposited by high-energy streams, representing a progradation 
episode in the fandelta deposition. 

	 Lithofacies F2 ˗cross-bedded, black gravelly sandstone, 
Description: Lithofacies F2 (sample L2) consists of black, 
moderately to well-sorted, cross-stratified sandstone with 
rounded granules and medium pebbles with manganese coating. 
The thickness of the cross-strata sets is 50–100 cm. Units have 
erosional bases and are up to 4-5 m in thickness but can be 
followed laterally over only a few meters due to outcrop limits. 
Interpretation: The cross-bedded sandstone with manganese-
coated, gravelly sandstone units was deposited as the delta facies 
of a river system entering the lake. Generally, manganese coating 
develops on gravel and infiltrates the gravel (Tekin et al., 2005). 

Fig. 4. Stratigraphic logs for deltaic succession and sampling points.
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Beekman (1966) suggested that there was a long solfatara phase 
based on manganese sediments and silicified zones in the 
pyroclastic materials of Mt. Keçiboyduran volcanic/pyroclastic 
rocks. The age of the volcano is Lower Pliocene. This shows that 
the manganese series, which are mixed at lower levels in the 
fandelta, may have been transferred from here. 

	 Lithofacies F3 ˗matrix-supported gravelly sandstone, 
Description: This lithofacies consists of well-indurated, matrix-
supported pebbly sandstone (samples L3 and L4) with different 
thicknesses and colors such as gray, yellow, light yellow, and 
beige. The matrix comprises carbonate micrite and sparite. The 
grain components of L3 are composed of quartz, feldspar, and 
volcanic rock fragments, and are bonded by a matrix consisting 
of sparite and sparicalcite (Fig. 5). Interpretation: The cementing 
of the gravelly sandstones to each other by a matrix indicates the 
presence of chemicals such as carbonate in the depositional 
environment, and that deposition was slow. The gravelly 
sandstone facies were deposited on the lake shore. Lithofacies 
F4 ˗sandy limestone, Description: This lithofacies is represented 
by dark yellow (sample L5) sandy limestone, is about 75˗100 cm 
in thickness, and consists of coarse- to medium-grained sand 
(10%). The matrix comprises carbonate micrite and sparite. 
Volcanic rock fragments are cemented with a micrite and 
microsparite matrix (Fig. 5). L5 was identified as lithic wacke. 
These sandy limestones have lateral extent, overlying the 
sandstone lithosome of lithofacies F5. Interpretation: This sandy 
limestone lithofacies indicates an increase in lake water depth, 
perhaps due to subsidence of the graben floor (Ilgar and Nemec, 
2005), accompanied by a greater influx of terrigenous sand from 
the lake margins, probably due to rain wash and wave action 
(Hardie et al., 1978). The sedimentation rate increased, and the 
lake level continued to fluctuate, but episodes of emergence 
were shorter and less frequent (Akıska and Varol, 2020). 
Lithofacies F5 ˗ parallel-bedded sandy limestone, Description:	
This lithofacies consists of several alternations of grey, yellow, 
and beige-colored loosely-packed sandstone (samples L6 and 
L7) with different thicknesses (40-50 cm) and containing lateral 
lenses. Lithofacies F5 is represented by sandy limestone and is 
moderate to well-sorted. In the L7 sandstone sample, the grain 
components of the unit are composed of quartz, plagioclase, and 
rock fragments (Fig. 5). The cement is sparite, less than 15%, 
and the rock is called lithic arenite. The lithofacies rest on the 
sandy limestone of lithofacies F4 and underlies the volcanic 
gravelly sandstone of lithofacies F6. Interpretation: The loose-
packed state and the wedging of the sandstone indicate a rapid 
flow and flooding period in the underwater environment. It also 
shows that these incidents occurred under fault control. This 

lithofacies is represented by a river deposition system where 
flooding is intense. Lithofacies F6 ˗volcanic gravelly sandstone, 
Description: This lithofacies consists of alternating gravelly 
sandstone (samples L12, L8, L9, and L10) with different colors 
and thicknesses. In addition, there are volcanic gravels of 
different sizes in the sandstone. This indicates that the 
depositional environment was fed by units with volcanic origin. 
In the L8 volcanic gravelly sandstone sample, plagioclase, 
calcite, quartz, cristobalite, pyroxene, mica minerals, and 
volcanic pebbles were determined by the petrographic 
investigation (Fig. 5). The volcanic gravels in L10 are called 
basalt, similar to samples L8 and L9 (Fig. 6). These gravels in 
the sandstone must be products of intermediate-basic volcanism 
with Upper Miocene-Pliocene and Holocene age in the region. 
Interpretation: Gravelly sandstones formed as a result of the 
deposition of pebble-sized volcanic material and sand-sized 
siliciclastic material brought to the environment during periods 
of chemical precipitation and flooding. The presence of cement 
such as sparite and sparicalcite in the sandstone, amounting to 
between 10% and 15%, also indicates the presence of carbonate 
material and chemical precipitation in the environment. Facies 
F7˗ sandy rhizolithic limestone, Description:	 T h i s 
lithofacies consists of beige-cream limestone (sample L11) and 
stratigraphically forms the upper section of the depositional 
sequence. It is observed as volcanic gravel, sand, and clay when 
examined considering lithological features vertically and 
laterally. The level of this sandy limestone lithology also has a 
morphologically different appearance in the field. The L11 
sample is a sandy rhizolithic limestone unit composed of quartz 
with micrite and sparite cement (Fig. 6). These limestones are 
represented by laminations and travertine appearance. This is 
created by the accumulation of minerals around plant roots or 
internal precipitation as cement, and replacement. 
Interpretation:	 The rhizolith limestones indicate a shallow 
carbonate lake (Cramer and Hawkins, 2009). 

4.2. Geomorphology of the fandelta area

	 An old alluvial fan system developed in front of Kule Stream 
Basin (Basin 1) (Fig. 7a). The drainage system of Basin 1, 
extending to the volcanic cone of Leşkeri Hill (1522 m) located 
about 19 km north of the study area, played an important role in 
the formation of the old alluvial fan. West of the basin is the 
volcanic cone of Yarık Hill (1356m). These cones are located on 
lava and pyroclastics of an older southward volcanic flow. 
Considering the drainage network, the Yarık cone appeared later 
than the Leşkeri cone. Considering the other individual cones 
(Göç and Middirik hills) and Kartalkaya Ridge located to the 
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east of the basin, the drainage of Basin 1 developed between 
these cones in the Pleistocene. The approximate elevation 
difference between the location where the samples were taken, 
and the bottom of the plain is 285 m.

	 With the lava and pyroclastics extending to the south along 
5% and 10% slopes, the erosional-accumulation surfaces 
exposed in places are cut by faults at 1100 m (asl). Basin 2 
(Devetaşı Stream Basin) is a young drainage system developing 

Fig. 5. Thin section photomicrographs of sandstone samples L1a, L1b, L3, L5, L7, and L8.
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backward in front of sedimentary and volcaniclastics after the 
emergence of basaltic strombolian cones. Therefore, it forms the 
western edge of the alluvial fan that reached Zengen in the past. 
The streams of Basin 2 later eroded the fan, including old and 
new materials in lenses within the depositional sequence (Fig. 
7a). Following rainy periods, the streams deformed the old fan 
and its cones. Simultaneously, riverbanks formed between the 
cones, and the streams settled between the existing deposits, 

causing the stratigraphic sequence to become more complex. 
While limestones occurred in phases when freshwater input was 
the most intense in the lacustrine area, they formed thick deposits 
during phases when heat and evaporation were high. Alluvial-
colluvial material and old transported material with a glacis 
(sloping foothill level formed by surface flow flood waters and 
colluvial soil movements resulting from the effects of periodic 
rainy and dry seasons) character, which consist of complex 

Fig. 6.  Thin section photomicrographs of sandstone samples L9, L10, and L11.
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materials carried and accumulated by flooding streams on the 
surface extending from the mountainous area to the Bor Plain, 
are distributed over a wide fan area from the mouth of the Kule 
Stream Basin. The glacis surfaces formed different layers from 
the Lower Pleistocene to the Holocene with a lateral transition 

from lacustrine sediments consisting of finer element material 
towards the plain floor at lower levels. Thus, the fan delta 
received significant direct input of sediment including gravels 
transported by runoff and intermittent streams from the volcanic 
terrain immediately adjacent to the lake. Twelve distinct facies 

Fig. 7. a) Simplified geomorphology map of the study area (Zengen village and environs where fan delta is located) and surroundings, b) one of 
the strike-slip faults in sandstone unit viewed from north to south. It also shows that sedimentation occurred under fault control.  

The location is between 37°48’44.84” North and 34°13’50.68” East. 
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representing both subaerial and subaqueous depositional 
processes are preserved within the fan delta depositional 
sequence system. In Figure 7, the bottom of the plain corresponds 
to the paleolake. This system consists of material transported 
towards the paleolake and includes cross-bedding. Cross-
bedding observed in the fan delta reflects different streamflow 
and climatic periods. In addition, many layers were inclined in 
the fan delta, which is faulted in places; thus, the transition 
between layers cannot be followed (Fig. 7b). In this study, faults 
seen in the fan area were also evaluated as being from a younger 
generation. The NW-SE trending fault passing north of Leşkeri 
Hill must have occurred after lava flowed from Mt. Keçiboyduran 
because the lava flows were cut in front of the fault and volcanic 
outlets which caused a new volcanic spreading surface. Since the 
NW-SE trending fault that passes south of Leşkeri Hill occurred 
after the emergence of the hill, the lava flows formed a steep 
slope towards the plain. In the southern part, there is a west-
trending fault at 1100 m elevation. In the southern part, the high 
terrace (SY) systems formed as a result of Late Pleistocene 
subsidence due to the tectonics affecting the Bor Plain. SW-
trending faults extending to the south also form young tectonic 
lines by the Niğde Fault. These faults also caused old lacustrine 
level changes and the formation of stepped-level plains consisting 
of stream sedimentary deposits in the front part of the low terrace 
(SA) systems. The level of 1040 m corresponds to the lowest 
level of the Bor Plain stream system. This level, which reveals 
itself at about 1040 to 1050 m on the contour elevation curve, 
has a complete sandy silty cover layer on the surface. However, 
the backward extent of the level appears to form lacustrine 
levels, which also contain stream materials mixed with debris at 
the edges of low hilly or old volcanic remains. The level of 1060 
m (asl) corresponds to the old fan field and the terrace systems 

found among the glacis (DIV system), which spreads up to 1100 
m in the area (Fig. 7a).

4.3. Mineralogical determination by X-ray Diffraction, 
CaCO3, and total organic carbon (TOC)

	 The mineralogical results for X-ray diffraction analyses of 
the samples collected from the fan delta deposits are presented in 
Figure 8a. The assemblage of clastic minerals contains augite 
(pyroxene group), plagioclase, calcite, mica and cristobalite. 
K-feldspar, hornblende, goethite, and quartz are present in trace 
amounts and comprise less than 10%. Also, this mineral 
paragenesis is not uniform in the vertical and horizontal 
directions, which display different proportional alternations. 
Augite varies between 11% and 55% in all parts of the sequence. 
Its maximum value is reached in L12 (50%) and L5 (55%). 
Augite is followed by plagioclase, with a value varying from 4% 
to 48%. The maximum proportion of mica occurs in L6 (23%) 
and L4 (25%). It reaches a minimum value (10%) in the lower 
part (L1, L1a and L1b). Calcite is a trace mineral in L1, L1a, L3, 
L6, L10, and L11, forming less than 10%. Calcite values reach 
their maximum rates of 19% and 20% in L1b and L5, respectively. 
Its value varies from 10% to 16% in other levels. K-feldspar is 
above 10% in L3 (12%) and L6 (12%). Phillipsite is found in the 
L9, L10, and L11 levels and rises above 20%. The different clay 
minerals identified in the fan delta include illite, chlorite, 
kaolinite, smectite, palygorskite, and mixed layer (illite-smectite) 
clay minerals (Fig. 8b). Illite is the most dominant clay mineral 
in all parts of the core. It comprises about 37% of the total clay 
mineral assemblage. Illite varies between 35% and 40% in all 
parts of the sequence. Its maximum and minimum values are 
reached in L1 (40%) and L7 (35%), respectively. Illite comprises 

Fig. 8. Vertical change in percentage detritus (a) and clay minerals (b) content of fan delta deposits (see Fig. 4 for the legend of stratigraphy).
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38% of L3, L6 and L12. Illite is followed by kaolinite with 
values varying from 17% to 22%. The maximum value of 
kaolinite is reached in L6 and L3 at 22%. The rate of kaolinite 
declines below 20% in L4 and varies between 19% and 21% in 
other levels. Palygorskite varies between 8% and 20% in all 
parts of the sequence. 

	 Figure 9c shows the CaCO3 and TOC ratios. CaCO3 in the 
fan delta sediments reflects contributions from carbonate (calcite 
and limestone) grains, and its value varies between 2% and 54% 
in all parts of the core. The maximum value of CaCO3 is attained 
in L5 and L12 (54%). The CaCO3 rate decreases below 4% in L3 
and L6 and varies between 11% and 42% in other levels. Evident 
increases in calcite concentrations are detected in L5 and L12, 
corresponding to approximately 105 and 236 ka, respectively. 
The TOC content varies between 0.17% and 0.73% (average 
0.42%) and shows a variation pattern similar to the carbonate 
content. Organic carbon values are higher than the average value 
(0.42%) in L1, L1a, and L1b. Its value is close to the average 
from L3 to L12 and reached the lowest value (17%) in L8. 
Smaller amplitude increases in TOC values were also detected 
within L9, L10, and L11.

4.4. Palynoflora

	 The samples of the L1 (230±35ka; MIS 7d), L1a (240±27ka; 
MIS 7e), L1b (233±24 ka; MIS 7d), L2 (261±28 ka; MIS 8b), L3 
(182±14 ka; MIS6e), L4 (127±14 ka; MIS 5e), L5 (105±15 ka; 
MIS 5c), L6 (200±27 ka; MIS7a), L8 (289±35ka; MIS 9a), L9 
(205±28 ka; MIS7b), L10 (210±25 ka; MIS 7c), and L11 (222±24 
ka; MIS 7d) were studied for the recoding palynofloral data (see 
Table 2). However, these samples cannot contain palynomorphs. 
This absence could be related to coarse clastic lithofacies due to 
the fluvial deposition system and/or effective volcanic activity in 
the Bor Plain. Fossil pollen was detected in two samples, L7 and 
L12. Palynoflora in the L7 sample (195±30 ka; MIS7a) is only 
represented by more abundant Chenopodiaceae, Amaranthaceae, 
Daphne, and Ranunculaceae-Thalictrum and also lower 
percentages of Asteraceae-Asteroideae type. Microflora in the 
L12 sample, characterized by volcanoclastic sediments (236±18 
ka; the boundary of the MIS 7e- 7d) which is located just above 
the L7 sample, contains a high percentage of Asteraceae-
Asteroideae type and Ranunculaceae-Thalictrum among 
herbaceous plants. Especially, the L7 and L12 sample levels of 
the sedimentary sequence contain an absence of arboreal pollen 
and a high abundance of these herbaceous pollen species which 
could be explained as due to this volcanic event causing a 
reduction in the variety of paleovegetation.

	 5. DISCUSSION

5.1. Evaluation of clay and detrital minerals in terms of 
climate change

	 The fan delta deposition system is on the fault-controlled 
foothill of Mt. Keçiboyduran, bordering the southwest of the Bor 
Plain. Many Lower Quaternary basaltic volcanic cones lie along 
the fault zone north of the fan delta. The faults reactivated by 
volcanic activity and geomorphological development caused 
volcanic sand and gravel material to be included in the sequence 
during the deposition of the fan delta. The clay and detrital 
mineral type and abundance ratio were controlled by source rock 
lithology and climate in the fan delta sequence (Fig. 9a, c). For 
this reason, paleoclimate and paleoenvironmental evaluation of 
samples is associated with the prevailing climate process. The 
association of clay minerals such as smectite – kaolinite – 
chlorite – illite indicates that they come from both mafic and 
felsic sources and are affected by physical erosion and chemical 
weathering processes (Hadji et al., 2019). Levels (L1, L1a, b, L3, 
L6) where the amount of illite increases in the sequence indicate 
conditions where cold, dry physical decomposition was high, 
evaporation was low, and the lake level was high (Fig. 9a). illite 
mainly forms as a result of the physical decomposition of 
crystalline basic rocks rich in felsic silicates in dry climates 
(Weaver, 1989). Cross-bedding and detritus containing illite 
indicate that physical weathering was strong and streams with a 
high flow rate caused rapid feeding due to lack of evaporation 
(Fig. 9b). In the fan delta, the chlorite content is high in the 
transition from level L1 to levels L3 and L4 (Fig. 9a). In this 
study, the low amount of plagioclase in the lower levels of the 
fan delta was related to strong physical weathering (Fig. 9c). The 
plagioclase composition in river sediments is controlled by 
chemical decomposition (Nesbitt et al., 1996). According to 
Grant (1963), plagioclase is included in the environment when 
source rock containing feldspar is exposed to chemical 
decomposition. L1 level developed under cold and dry climatic 
conditions. Level L2 where the amount of smectite increases 
indicates conditions that were hot and humid, chemical 
decomposition was high, evaporation was high, and the lake 
level was low (Fig. 9a). Smectite forms as a result of the 
decomposition of volcanic rocks by hydrolysis, mostly in 
temperate and semi-arid regions (Weaver, 1989). Calcite was 
transported to the environment in cold periods by streams with 
increased flow rates and began to precipitate in hot periods. 
Calcite and total clay (Tclay) values show opposite proportions 
at all levels. Tclay was transported to the lake by streams during 
cold periods when there was strong physical weathering and thus 
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deposited in periods when the lake level increased. Augite 
(pyroxene group) is characteristic of some volcanic rocks such 

as rhyolite, andesite, and basalt, and is considered a regular 
detrital mineral in sediment (Boggs, 2009). A high percentage of 

Fig. 9. a) Clay mineral content and chronological arrangement of deposition defined by delta and shoreline sediments accumulated in the 
environment of the old lake, b) L1 and L2 samples intermingled due to cross-bedding. During a period of heavy rain when flooding occurred, the 

L1 level was inserted into the L2 level and the layers were disordered, c) Mineral content, total clay (Tclay), total organic carbon (TOC), CaCO3 
ratio, and OSL age of sequence defined by delta and shoreline deposition in an old lake environment.
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augite in L2, L5, and L12 levels indicates that cinder cones 
surrounding the fan delta erupted. Also, the volcanic sand and 
gravel-sized material formed as a result of the volcanic activity 
of Leşkeri Hill mixed with this level (L8) during the period of 
development (transition from the Middle Pleistocene to the Late 
Pleistocene). Leşkeri Hill, which developed on the Lower 
Quaternary LFZ, is located north of the fan delta and is a 
monogenetic cone just south of Mt. Keçiboyduran. The streams 
that form the drainage in the volcanic products of Leşkeri Hill 
transported a large amount of volcanic origin material during the 
period when the L8 level developed (transition from the Middle 
Pleistocene to the Late Pleistocene). Augite derived from cinder 
cone (scoria cones) products was transported towards the lake by 
streams. Material from the north of the study area was certainly 
transported to the south and deposited. In addition, new sediment 
input was increased by the faulting that occurred in the period 
when the L7 level formed. New sediment input was also affected 
during the deposition of L7. Similarly, volcanic pebbles (basalt) 
forming the pebbly sandstone units at L9, L10, and L11 levels 
originated from activity in the surrounding volcanic mountains 
during the Late Pleistocene (Sönmez et al., 2018). In addition to 
clay minerals, TOC and CaCO3 ratios were considered to 
interpret detritus minerals such as calcite, Tclay, and plagioclase 
in wet and arid conditions within the sequence of the fan delta 
(Fig. 9c). TOC and CaCO3 availability rates can be indicators of 
climate change (Das et al., 2013). 

5.2. Relationship between Quaternary global climate and 
ecological conditions

	 In this study, the OSL ages of sediment forming the fan delta 
were determined as the Marine Isotope Stages (MIS), MIS 6 
(191-130 ka), MIS 5 (130-80 ka), and MIS 7 (243-191 ka) 
interglacial periods. There are more or fewer clay minerals at 

each level of lacustrine deposition (from L1 to L11) with more 
units from the MIS 7 period and a depth of approximately 30 m 
(Fig. 10). The investigation of spores and pollen in fan delta 
sediments is very important in terms of determining climate and 
vegetation changes in this period from the Pleistocene to the 
present day. In addition, palynological results, previously-
mentioned OSL age results, and global climatic events are 
compatible. No abundant spores and/or pollen were found from 
the lowest to the middle of the sequence in the fan delta deposits 
due to clastic sediment deposition, and the paleo-vegetational 
results are added in the related section. Consequently, in this 
study, paleoclimatic interpretations were evaluated in the 
climatic process to which the samples belong.

	 The variety of pollen in the L7 sample is very low but the 
percentage is high. Pollen species belonging to herbaceous 
vegetation types of Amaranthaceae-Chenopodiaceae, Daphne, 
and Ranunculaceae-Thalictrum have high proportions in the 
sample, characterizing dry climatic conditions, and Asteraceae 
accompanies these pollen species with a low percentage. The 
L12 sample was precipitated at the end of the MIS 7e sub-phase. 
Although there were warm and dry climate conditions in this 
sub-phase, the climate changed to dry and cold in the MIS 7d 
sub-phase on a global scale. The abundance of Ranunculaceae-
Thalictrum type, belonging to aquatic taxa, supports these 
climatic conditions in MIS 7d. At the end of the section in the 
Bor Plain (L11), the sedimentary sequences of the MIS 7d sub-
phase were deposited in cold and dry climatic conditions. The 
high illite and low smectite ratios of the L11 sample match these 
climatic conditions (Fig. 10). Both deposition environments and/
or volcanic activity had an impact on vegetation in the MIS 9a to 
MIS 5c phases. No pollen records were found from L6 to L11, as 
these conditions caused a reduction in vegetation due to fluvial 
conditions. Thus, sporomorph abundance was not found in the 

Fig. 10. Location of samples in MIS period.
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lower levels of the fan delta due to flooding of water and washing. 
Studies about paleoclimate using pollen diagrams indicate that 
lacustrine sediments with aquatic and meadow plants such as 
Ranunculaceae-Thalictrum were deposited during a temperate 
climate in Turkey and Europe (Caspers and Freund, 2001; 
Nuvenko and Zuganova, 2010; Demirer et al., 2016). 
Amaranthaceae-Chenopodiaceae has a high percentage in the L7 
sample, characterizing dry climatic conditions (Kayseri-Özer 
and Emre, 2022). According to Freitag et al. (1999), the existence 
of Chenopodiaceae supports a dry environment and might have 
invaded Central Anatolia later during the drier climatic phases of 
the Pleistocene. Artemisia (Asteraceae) pollen decreases and 
Chenopodiaceae increases with increasing aridity (Alçiçek et al., 
2017); the ratio of their pollen is used as a moisture indicator. 
This condition is evident in L7. Increases in Chenopodiaceae 
pollen with the amount of Artemisia indicate intense aridity 
during the late glacial times (El-Moslimany, 1990).

6. CONCLUSIONS

	 The fan delta deposition system is on the fault-controlled 
foothill of Mt. Keçiboyduran, bordering the southwest of the Bor 
Plain. Tectonism, volcanism, and paleoclimate that developed in 
different periods controlled the lithofacies features. Furthermore, 
travertine or tufa-type carbonates must have formed as a product 
of groundwater evaporation, where precipitation was interrupted 
during dry periods. The volcanic activity of the Leşkeri 
monogenic volcanic mass reactivated during the transition from 
the Middle to Late Pleistocene—the deposition time of the L8 
(MIS 9a), L9 (MIS 7b), and L10 (MIS 7c) samples. The 
Pleistocene activity of Leşkeri Hill was observed to affect 
sedimentation after volcanic activity, and gravelly sandstone 
units and volcanic pebbles (basalt) were deposited at this level. 
The abundance of volcanic material in the sediments indicates 
that the Quaternary monogenic ash cones in the immediate 
vicinity affected regression and dried the lake. Thus, volcanic, 
and tectonic processes and climate caused fluctuations in the 
lake level. Drainage developing between the monogenic volcanic 
cones in the Middle Pleistocene caused the accumulation of 
sediments in the lake and the formation of a deltaic fan 
environment. The retreat lasted with uncertain oscillations until 
the late Holocene. The lowest shoreline system corresponding to 
the Upper Pleistocene is between 1100 m and 1110 m (asl). 
These elevations are also the level where the lake terraces are 
located, and the lake level reaches approximately 60 to 40 m 
above the lake floor. After this phase, the lake retreated 
significantly in the Late Pleistocene-Early Holocene. The 
paleoenvironmental conditions are supported by the presence of 

herbaceous species (Asteraceae–Asteroidea type, Daphne, and 
Ranunculaceae–Thalictrum), indicating relatively a high 
percentage of temperate climate conditions at the upper levels. 
The small-scale, high-frequency changes in the fan delta 
sequence and inferred lake-level fluctuations must have been 
controlled by short-term climatic changes in MIS 7. Herbaceous 
vegetation pollen, such as Amaranthaceae–Chenopodiaceae, 
Daphne, and Asteraceae, support warm and dry climatic 
conditions during climatic phases causing the lake’s retreat and 
high evaporation. Furthermore, the abundant recording of the 
Ranunculaceae–Thalictrum herbaceous vegetation growing at 
the water’s edge and in meadows during development stages 
could be related to the humid phase in climatic conditions. 
However, during the Pleistocene period, no dense arboreal 
paleovegetation formed forests in the basin because only 
nonarboreal plants (herb species) were identified in the samples 
from Bor Plain. Thus, steppe vegetation dominated around the 
lake because of the effect of a locally changing climate during 
this period.
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