
Research Article

Mid- to Late Holocene geomorphodynamics in a long-term settled
mountain catchment in the Pergamon micro-region, western Turkey

Xun Yanga* , Fabian Beckera, Moritz Nykampa, Bernhard Ludwiga,b, Mehmet Doğanc, Turhan Doğand, Daniel Knittere

and Brigitta Schütta
aDepartment of Earth Sciences, Institute of Geographical Sciences, Physical Geography, Freie Universität Berlin, Malteserstraße 74-100, 12249 Berlin, Germany;
bDeutsches Archäologisches Institut (DAI), Istanbul Department, Inönü Caddesi 10, 34437 Istanbul, Turkey; cDepartment of Geography, Faculty of Letters, Ege
University, 35100 Bornova-Izmir, Turkey; dTübitak National 1 MV AMS Laboratory, Marmara Research Center, Earth and Marine Science Institute, Barış Mahallesi,
1 Dr. Zeki Acar Caddesi, PK 21 41470 Gebze Kocaeli, Turkey and eOEKO-LOG Field Research, Joachimsthaler Straße 9, 16247 Parlow, Germany

Abstract

From 300 BC to AD 300, the city of Pergamon underwent a profound transformation that impacted the rural settlement patterns and the
concomitant geomorphodynamics. We present a geoarchaeological study in a long-term settled catchment in the Pergamon micro-region to
disentangle the Holocene geomorphodynamics and triggering factors, for example, climate change and human activity. The analyses of
eight radiocarbon-dated sediment profiles from the Tekkedere alluvial fan and its catchment indicate four principal sedimentation phases.
Phase 1 (ca. 6.2 to 5–4 ka) is dominated by the floodplain aggradation of the receiving Bakırçay River, which is followed by the formation of
floodplain soils (phase 2). Substantial geomorphodynamic changes occurred around 4 ka (phase 3), when the edge of the floodplain was
buried by fan sediments of the tributary Tekkedere creek. This is attributed to supraregional aridization and rapid climate change events,
superimposed by the onset of local human activities. Repeated cycles of coarse- and fine-textured fan sediments with age inversions after ca.
3.8 ka and valley infills younger than 1300 yr BP indicate the strong erosion and redeposition of sediments in phase 4. These increased
geomorphodynamics may coincide with the changing settlement pattern and thus reflect human–environment interactions.
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INTRODUCTION

Holocene environmental changes and the interplay between nat-
ural conditions and human activities are intensely discussed
research topics (Constante et al., 2010; Bellin et al., 2013;
Ackermann et al., 2014) that cover, for example, soil erosion, nat-
ural hazards, and settlement location decisions (Black et al., 2011).
The complex causes of changing geomorphodynamics in
Mediterranean landscapes have been debated for more than 50
years (Vita-Finzi, 1969; Butzer, 2005; Dusar et al., 2011; Walsh
et al., 2019; Jouffroy-Bapicot et al., 2021). The main issue is the
degree to which geomorphological changes are triggered by envi-
ronmental fluctuations (Avni et al., 2006; Jalut et al., 2009;
Roberts et al., 2011), human decisions, and socioeconomic condi-
tions (van Andel et al., 1990; Remondo et al., 2005; Roberts, 2019)
or their complex interactions (Brisset et al., 2013; Verstraeten
et al., 2017; May et al., 2021). Hence, disentangling these related

factors is not always straightforward (Fuchs, 2007; Walsh et al.,
2019). Past human settlement strategies are, conversely, to some
extent related to the geomorphic locations and processes
(Kondolf and Piégay, 2011; Aucelli et al., 2018). River terraces
and piedmonts, for example, are often preferred settlement loca-
tions (e.g., Kidder et al., 2008; Knitter, 2013; Lü et al., 2019).

In the eastern Mediterranean, the meta-analyses of Holocene
terrestrial sediment archives indicate several phases of increased
geomorphodynamics (Dusar et al., 2011; Walsh et al., 2019),
which especially occur during the periods when human impacts
on the environment became more important. This general
trend, however, might not be equally seen in all Mediterranean
areas due to diverse settlement patterns and landscape sensitivi-
ties. A ground check in small valleys occupied by remote settle-
ments and under the background of large urban centers could
thus provide advanced and multilayered insights.

A suitable study area for such a ground check is the ancient
city of Pergamon and its micro-region. As one of the most impor-
tant and largest cities in Asia Minor (Pirson, 2017), Pergamon
experienced a profound transformation from the Hellenistic
Period to the Roman Imperial Period (300 BC–AD 300)
(Pirson, 2020). During this time, the urban area of Pergamon
doubled (Wulf, 1994) in tandem with a significant increase in
population and an intensive public building program (Pirson,
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2020). The population probably reached 180,000 people in the
entirety of the Pergamon micro-region (Zimmermann, 2011).
The contemporary demilitarization of Pergamon’s hinterland
increased the importance of rural settlements (Fig. 1), where pos-
sibly around 70% of the population lived (Pavúk and Horejs,
2018; Pirson, 2020; Laabs and Knitter, 2021). In this micro-
region, diverse archaeological sites (e.g., settlements, farms, and
luxury agricultural estates) were located in different geomorpho-
logical settings, including plains, plain–mountain transitional
areas, intra-mountain basins, and small tributary valleys
(Horejs, 2011a, 2014; Pirson, 2020, 2022). These landforms are
potentially favorable for small settlements because of the proxim-
ity to fertile floodplains for agriculture and mountains for horti-
culture or pastoralism (Sommerey, 2008; Yang et al., 2021). Rural
areas were also highly influenced by the rising demand for agri-
cultural products during the period of transformation (Knitter,
2013; Laabs and Knitter, 2021). Hence, the investigation of
rural catchments is integral to developing a complete picture of
Pergamon’s history on both very local and micro-regional scales.

Previous geoarchaeological studies in the micro-region have
had different foci on selected archaeological sites, including the
geomorphological investigation of prehistoric settlement locations
in the Gümüş catchment (Knitter, 2013); the Geyikli valley
(Schneider et al., 2013) and the landscape evolution around a hill-
top settlement (Schneider et al., 2014); Bakırçay floodplain
dynamics related to archaeological sites (Schneider et al., 2015,
2017); the ancient harbor city of Elaia, with studies of its

development and paleoenvironmental conditions (Seeliger et al.,
2013, 2014, 2017, 2019; Pint et al., 2015; Shumilovskikh et al.,
2016); the marine seismic investigation of the ancient harbor of
Kane (Fediuk et al., 2019); and geophysical investigations on a
monumental tumulus (Mecking et al., 2020).

Notwithstanding this relatively intensive research program, no
study in the micro-region covers a continuously occupied settle-
ment chamber that allows for the reconstruction of local geomor-
phodynamics in the longue durée. In addition, the micro-region
shows remarkable diversities in relief, drainage network, and sedi-
ment accumulation in different landscape units (Yang et al.,
2021), but not all of these landforms have been geoarchaeologi-
cally studied. The metadata analyses of 14C ages from the western
Pergamon micro-region suggest past geomorphodynamics are
more or less associated with the general—but spatially more
fragmented—settlement history of the region (Becker et al.,
2020a). Hence, additional research, especially in the Yunt Dağı
Mountains (the southern part of the micro-region), is required to
fill this gap and develop a deeper understanding of the whole area.

Tekkedere catchment was therefore selected as our study
area to understand human–environment interactions in the
Pergamon micro-region. Archaeological remains suggest
the lower Tekkedere valley was continuously settled since the
Middle Bronze Age (since ca. 1700 BC) (Ludwig, 2020a;
Michalski, 2021). Its settlement history thus covers the main
phases of intensified human impacts on Mediterranean land-
scapes during the Late Holocene (Dusar et al., 2011).

Figure 1. Topography and previous geoarchaeological study sites of the Pergamon micro-region. The inset map indicates the location of this study in the Aegean
coastal region of western Turkey. Abbreviations: T., Tepe; Yeni Y.T., Yeni Yeldeğirmentepe; Sultant., Sultantepe.
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As the backbone of geoarchaeology, sediments and soils hold
enormous amounts of information concerning landscape evolu-
tion and human usage history that can be accessed through var-
ious sediment analyses and chronological datings (Goldberg and
Macphail, 2006). Different sediment archives might react sepa-
rately to certain triggers on multiple temporal and spatial scales
(e.g., Goldberg and Macphail, 2006; Dusar et al., 2011; Nykamp
et al., 2021). Among them, alluvial (and colluvial) deposits near
ancient settlements in lower-order watersheds hold the benefit
of a more direct interpretation of causal relationships between
human disturbance and sediment accumulation (Dotterweich,
2008; Dusar et al., 2011). With the availability of archaeological
data, climatic and anthropogenic influences on geomorphody-
namics can be more easily differentiated (Pérez-Lambán et al.,
2018).

Our main objectives are (1) reconstructing the geomorphody-
namics of the Tekkedere valley and its alluvial fan using sediment
analyses and radiocarbon dating and (2) elucidating the potential
drivers of the increasing geomorphodynamics, including the
regional climate change and the local human impact (changing
settlement pattern), in relation to supraregional Holocene records.
The term “geomorphodynamics” used in this study refers to the
surface changes of the Earth and related processes (Sauer and
Ries, 2008; Becker et al., 2020a). In particular, it covers erosion
and deposition in the terrestrial environments in our study.

Study area

Natural setting
Tekkedere catchment (ca. 13 km2 drainage basin area) is a moun-
tainous sub-catchment (second order) of the western lower
Bakırçay River catchment (Fig. 1). The Bakırçay catchment
(3382 km2) is under the territory of the Pergamon micro-region
(Yang et al., 2021). It is one of the most fundamental river net-
works in Aegean Anatolia (Kayan, 1999; Yang et al., 2021). The
modern climate is a typical Mediterranean subhumid climate
that is characterized by dry and hot summers and mild and wet
winters (Peel et al., 2007). The average annual precipitation was
749 mm and the temperature was 14.7°C during 1981–2010 in
Bergama (the modern name of Pergamon) (Yang et al., 2021).

The Tekkedere catchment is adjacent to the major route net-
work between the city of Pergamon and its ancient harbor of
Elaia (Pirson, 2008; Ludwig, 2020b) with short travel distances
(around 18 km and 7 km, respectively) (Fig. 1). Modern
Tekkedere village is also close to ancient settlements of
Teuthrania (Kalarga Tepe, ca. 8 km in the north) (Gehrke,
2014; Zimmermann et al., 2015; Williamson, 2016), Halisarna
(Eğrigöl Tepe, ca. 9 km in the northeast) (Pirson, 2008;
Zimmermann et al., 2015; Pavúk and Horejs, 2018), and the
ancient polis of Atarneus (16 km in the northwest) (Pirson and
Zimmermann, 2014; Zimmermann et al., 2015).

Geologically, the Pergamon micro-region is located in the
western Extensional Province of Anatolia, which is regarded as
one of the most rapidly extending regions on Earth (Özpolat
et al., 2022). The NE-striking Miocene Zeytindağ and Örenli–
Eğiller Grabens and the Plio-Pleistocene Bergama Graben formed
under tectonic stress (Bozkurt, 2003; Yang et al., 2021).
Subsidence of the grabens of Zeytindağ and Bergama (Bakırçay)
is ongoing, at a rate lower than 1 mm/yr, which has resulted in
a steadily rising local sea level during the Holocene (Seeliger
et al., 2017). Part of the Zeytindağ Graben (Yilmaz et al., 2000;
Fig. 1), the upper Tekkedere catchment, is characterized by

slightly rolling plains and shallow depressions (Yang et al.,
2021). Within the catchment, Pleistocene tectonics formed
NE-trending strike-slip faults (Yilmaz et al., 2000; Emre et al.,
2011a, 2011b); more (unspecified or inferred) faults are reported
with the NE or NW trend (modified after Yang et al. [2021] based
on MTA [2002]; Fig. 2B). The bedrock in the catchment is com-
posed of Miocene continental clastic rocks (ca. 61% of the catch-
ment), Permian carbonate rocks with occasionally occurring
clastic rocks (ca. 38% of the catchment), and pyroclastic rocks
(ca. 1% of the catchment) (MTA, 2002; Fig. 2B). Reddish-brown
and red Mediterranean soils develop on the clastic and pyroclastic
rocks, whereas Rendzinas form on the carbonate rocks
(Danacıoğlu and Tağıl, 2017).

Tekkedere creek encompasses several intermittent drainage
systems (Fig. 2A) with a torrential flow regime that are similar
to the other small rivers along the Aegean coast (Kayan and
Vardar, 2007). There are two major creeks in the catchment.
Creek A, the longest drainage way in the valley, flows from the
intramountainous basin of the headwater area to the gorge,
south of Kuyulu Kaya Tepe (summit ca. 160 m above sea level
[m asl]). Creek B drains the northern part of the catchment
(east of the Yıldız Tepe, summit ca. 210 m asl) and joins with
creek A west of the Kuyulu Kaya Tepe. They continue westward
as the Tekkedere creek. The creek is channelized on its alluvial
fan and drains into the Bakırçay River just 12 km upstream of
its mouth into the Aegean Sea.

The slopes of the lower valley (including the valley of creek B)
are asymmetrical (Ludwig, 2019; Fig. 2C). The northern slopes are
steeply inclined (16–37°, mean = 20°), whereas the southern
slopes are gentler (10–30°, mean = 15°). Strong denudation and
soil erosion are the prevailing geomorphological processes on
the southern slopes, partly confined by agricultural terraces
grown with olives (Becker et al., 2020b; Fig. 2A and C). Where
soils are fully eroded, scattered bare rocks crop out, mainly on
the southern slopes (Ludwig, 2019; Fig. 2A). The Kuyulu Kaya
Tepe has large areas of outcropping bedrock with screes covering
its southern footslopes.

Locally, the tributaries of Tekkedere creek are incised for more
than 1 m into the valley infills (Fig. 2C). The valley bottom wid-
ens in its lower course where the modern Tekkedere village is built
on its right riverbank (Fig. 2A). The Tekkedere alluvial fan forms
at the opening area from the valley to the Bakırçay floodplain,
covers an area of ca. 2 km2 (length: ca. 2 km; width: ca.
1.4 km), and is the largest alluvial fan in the foreland of the west-
ern Yunt Dağı Mountains. The altitude difference from the fan’s
apex to its toe amounts to 18 m, which is calculated based on
TanDEM-X data (Wessel et al., 2018). At present, the toe of the
fan is located only ca. 500 m east of the current Bakırçay River
channel (Fig. 2A).

While arable lands with vegetable and grain cropping domi-
nate the land use in the headwater area of Tekkedere valley, conif-
erous forests, transitional woodland–shrubland covers, and olive
groves on agricultural terraces characterize the vegetation cover
on the slopes of the middle valley (Supplementary Fig. 1 based
on Corine Land Cover data [Cole et al., 2018] and field observa-
tions). In the lower part, pine forests cover the northern slopes
(Yıldız Tepe), whereas olives are mainly cultivated on the south-
ern slopes and the valley bottom. Olive cultivation characterizes
the upper part of the Tekkedere alluvial fan. Downslope, at the
fan’s apex, At the middle and distal fan, cotton and vegetable
cropping predominates, and fig and citrus fruit trees occur
sporadically.
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Figure 2. Overview of the Tekkedere area. (A) Geomorphological map of the Tekkedere area with locations of the sediment profiles and settlements (Ludwig, 2019,
2020a; Michalski, 2021). (B) Geological map of the Tekkedere area (modified after Yang et al. [2021] based on MTA [2002] and Emre et al. [2011a, 2011b]). (C)
Schematic cross-section through the Tekkedere creek B (located at the sediment profile Tek-3).
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A palynological study around Elaia indicates the vicinity of
Tekkedere was dominated by natural deciduous oak forests between
7.6 and 3 ka BP (Shumilovskikh et al., 2016). Deforestation occurred
as a consequence of the increased layout of olive groves and the
development of macchia shrublands under rising grazing pressure
since the Hellenistic Period, reaching a maximum during 2.1–1.8
ka BP. Alongside the hillslopes, semi-natural forests (mainly
pines) developed during the past millennium (Shumilovskikh et al.,
2016). The abundance of grains and the fertility of the area
were described by ancient geographers and historians (Sommerey,
2008; Pirson and Zimmermann, 2014). Recent studies, however,
suggest that Pergamon’s demand for grain, at least in the Roman
Imperial Period, could not be covered without imports or environ-
mental modifications (e.g., agricultural terracing) (Kobes, 1999;
Günther et al., 2021; Laabs and Knitter, 2021).

Settlement history
Since 2018, archaeological surveys have been conducted in the
Tekkedere catchment by the German Archaeological Institute
(Deutsches Archäologisches Institut [DAI]) (Ludwig, 2019,
2020a). Their findings provide evidence of at least six archaeolog-
ical sites in the catchment (Fig. 2A), indicating almost uninter-
rupted settlement continuity and changing settlement patterns
since the late Middle Bronze Age (ca. 1700 BC) (Ludwig, 2019,
2020a; Michalski, 2021).

Ceramic remains on and around the hill site of Kuyulu Kaya
Tepe (Um19 Fst 02) (Fig. 2A) indicate settlement activities con-
tinued from the late Middle Bronze Age to the end of the Early
Byzantine Period (ca. 3.7–1.2 ka BP) (Ludwig, 2019; Michalski,
2021). Building remains, including several cisterns, have been
found on the rock plateau (Ludwig, 2019). A small rural settle-
ment that probably reached its peak during Classical antiquity
was situated at the footslopes of Kuyulu Kaya Tepe.
Considering that the Kuyulu Kaya Tepe surmounts the surround-
ings by ca. 40 m and is characterized by steep slopes with outcrop-
ping bedrock toward creek A, the site, especially the hill site on
the rock plateau, might have been used as a fortress to overlook
or control the entire Tekkedere valley and large parts of the west-
ern lower Bakırçay plain (Ludwig, 2020a; Fig. 2A).

Two small hilltop sites (UM19 Fst 04 and 13), a few hundred
meters to the north and west of the Kuyulu Kaya Tepe along
creek B (Fig. 2A) with a high concentration of ceramics
and bricks, suggest human activities took place during Classical
antiquity (Ludwig, 2020a).

The predecessor settlement of the modern Tekkedere village
was likely first established as the upper settlement (Yukarı
Kışlak; UM18 Fst 01 or UM19 Fst 09), ca. 1 km north of the
Kuyulu Kaya Tepe along creek B (Ludwig, 2019; Fig. 2A). Based
on the archaeological results, the upper settlement duration is
assumed to have been from late antiquity to the Byzantine
Period (Ludwig, 2020a). The settlement was replaced by the
smaller lower settlement (Aşağı Kışlak; UM19 Fst 14) which
was situated in the middle of the lower valley (Ludwig, 2020a;
Tozan, 2022; Fig. 2A). When the lower settlement was aban-
doned, the old Tekkedere settlement (Eski Tekkedere) was built
farther downstream (Tozan, 2022). The old Tekkedere settlement
was given up mostly due to an earthquake-triggered landslide,
which was previously assumed to occur in the middle of the nine-
teenth century (Ludwig, 2020a). Based on the information pro-
vided by the locals, it was the earthquake that took place
around Dikili, Zeytindağ, and Bergama in 1939 (Paradisopoulou
et al., 2010; Çelik et al., 2019). Residents left and developed the

modern Tekkedere village, which is built directly to the west of
the old Tekkedere settlement (Ludwig, 2020a).

METHODS

Fieldwork

Three sediment outcrops along the banks of creek B were
described and sampled in September 2019 (Becker et al.,
2020b), and five sediment cores were extracted and brought to
the surface along a transect from the apex to the toe of the alluvial
fan by vibracoring (Wacker BHF 30 S, with 5-cm-diameter open
cores) in October 2020 (Becker et al., 2022; Fig. 2A, Table 1).
None of the profiles reached the underlying bedrock.

Lithostratigraphy was documented as comprising sediment
color (Munsell soil color), unit thickness, sediment depositional
structure (Stow, 2005), sediment texture and fabric (Blair and
McPherson, 1999), hydromorphic feature, biological modifica-
tion, and occurrence of artifacts (Jahn et al., 2006). The degree
of reaction to 9.9% HCl was applied as an indicator for the
amount of calcium carbonate (CaCO3) (Jahn et al., 2006). A sum-
mary classification of the sediment description can be found in
Yang et al. (2022). Sediment samples (3- to 5-cm-thick pieces,
n = 191) for geochemical analyses were collected according to
the unit thickness and their position to unit. Sediment profiles
were carefully checked for charcoal pieces and bulk samples con-
taining organic matter for radiocarbon dating.

Laboratory work

Sediment analyses
Geochemical analyses of sediments can effectively assist in distin-
guishing the occurrence of past soil formation and the difference
in natural and cultural processes (Terry, 2017). Sediment samples
were analyzed in the laboratory of the Bergama archaeological
excavation house. Before the measurement, samples were
air-dried for more than 48 h, and the aggregates were crushed
in a porcelain mortar. For subsequent analyses, the fine fraction
(Ø < 2 mm) was separated from the coarse component by dry
sieving.

The pH and electrical conductivity (EC) values were obtained
in the water-saturated sediments (1:2.5 solutions of 5 g of sedi-
ment and 12.5 mL of distilled water) with a TDS/EC/pH/TEMP
meter (EZ9908; resolution: 0.01 pH, 1 μS/cm EC). Reaction
class terms and the pH range are based on the soil survey manual
(Soil Science Division Staff, 2017; Table 2). The pH value in sedi-
ment solutions is highly related to the buffering process of organic
acids and is indicative of paleosol occurrence (Nykamp et al.,
2020) and human activity (Terry, 2017). The EC value provides
a hint of readily soluble salts that crystallize from chemical
weathering or soil water evaporites (Nykamp et al., 2020).

Approximately 10 g of oven-dried (105°C) sediments were
measured using loss on ignition at 550°C (LOI550) (Dean, 1974;
Heiri et al., 2001). LOI550 was calculated as the weight difference
of a sample treated at both temperatures and is used for the esti-
mation of organic matter content (Heiri et al., 2001; Santisteban
et al., 2004). The in-lab reference material was measured after
every 20 sample batch to control variability, which is reproducible
with a median LOI550 value of 5.6 mass% (median absolute
deviation [MAD]: 0.2 mass%). Often, a higher LOI550 value is
associated with oxidation accumulation, pointing to soil horizons,
the stability of land surface, and the intensity of human activity
(Goldberg and Macphail, 2006; Panin et al., 2021).
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The magnetic susceptibility of sediments was measured with a
Bartington magnetic susceptibility system (MS3 meter and MS2B
dual-frequency sensor; measuring resolution: 2 × 10-6 SI; range: 26
SI) using the Bartsoft software. The volume-specific magnetic sus-
ceptibility (κ) at low frequency (LF, 0.46 kHz) of samples weighed
using 12 cm3 plastic pots was determined with triple repetition.
The mass-specific susceptibility at the low frequency (XLF,
10−8 m3/kg) was calculated according to Dearing (Dearing,
1994; Dearing et al., 1996). The confidence intervals of sample
median XLF values were estimated by simple quantile bootstrap-
ping (B = 1000) in R v. 3.6 (R Core Team, 2021). In addition,
we used the MS2B meter to measure the Tek-5 samples (n = 48)
five times. The results are highly comparable to 88% of samples
used via the MS3 meter (correlation of the sediment measured
in both meters: median = 0.97). The median of the volume-
specific susceptibility of the 10 mL calibration sample is 2620 ×
10−5 SI (MAD: 0.25× 10−5 SI; accuracy: 1%). Higher XLF values
are generally related to the formation of clay minerals under a
higher weathering process (Maher and Thompson, 1991;
Blundell et al., 2009; Sherriff, 2014).

The elemental composition of sediment samples from the pro-
files of Tek-5, Tek-5-2, and Tek-6 was analyzed using a portable
energy-dispersive X-ray fluorescence spectrometer (p-ED-XRF;
Thermo Fisher Scientific NITON XL3t) measuring each sample
for 120 s in the manufacturer’s Mining Cu/Zn mode with main,
high, low, and light filters (50, 50, 15/20, and 8 kV, respectively).
The certified reference material (LKSD-4) (Lynch, 1990) and the
acid-purified silica sand were taken as standards to ensure
measurement quality. The reproducibility of selected elements
(Zr, Rb, Ti, and Ca) for LKSD-4 and silica sand are in
ranges of 22–34% and 6–11%, respectively. Two element ratios
were calculated for sediment characterization. The Zr/Rb ratio is

used as a proxy for grain-size variability (Dinelli et al., 2007)
and the Ca/Ti ratio as an indicator for synsedimentary weathering
as well for the precipitation of secondary carbonates (Ülgen et al.,
2012).

The sediment proxies in this study are reported in median and
MAD (in parentheses) values and are grouped using an equal
interval classification of the data (Table 2). Raw/processed data
and R code (R Core Team, 2021) can be found in the data set
in Pangaea (Yang et al., 2022).

Radiocarbon dating
In our study, radiocarbon dating would be the optimum solution
for the development of a chronological framework due to the
scarcity of available materials for alternative methods.
Accelerator mass spectrometry (AMS) radiocarbon dating (14C)
of samples was conducted at the TÜBİTAK National 1 MV
AMS Laboratory (Doğan et al., 2021). Dated materials (n = 20)
include charcoals, the mixture of mainly charcoal with adjacent
sediments (if %C of the macroscopically separatable charcoal is
<1–2 mg), organic-rich bulk samples, and one terrestrial snail
shell (Table 3).

Macroscopic plants and rootlets were removed from the
samples before the standard pretreatment procedure
(acid-base-acid [ABA] protocol) was applied (Fowler et al.,
1986; Bronk Ramsey, 2008; Brock et al., 2010). Fragile charcoal
remnants with an amount of charcoal below ca. 10 mg were
only treated with an acid wash (Fowler et al., 1986; Brock
et al., 2010). The radiocarbon ages were calibrated via the
IntCal20 calibration curve (Reimer et al., 2020) and the rcar-
bon package (Crema and Bevan, 2021) in R v. 3.6 (R Core
Team, 2021). We report a 95% probability range for the
calibrated ages.

Table 1. Metadata of sediment outcrops in the valley (n = 3) and drilling cores on the alluvial fan (n = 5) of the Tekkedere catchment (WGS 84).

Sediment
sequence

Latitude
(°N)

Longitude
(°E)

Elevation
(m asl)

Depth
(cm)

Samples
(n)

Geomorphological
position Land use

Tek-1 38.99164 27.08685 88.7 176 14 Valley (channel bank) Olive grove

Tek-2 38.98832 27.08677 70.8 158 11 Valley (channel bank) Olive grove

Tek-3 38.99120 27.08701 84.0 220 19 Valley (channel bank) Olive grove

Tek-4 38.99268 27.05971 16.6 200 0 Alluvial fan (apex) Olive grove

Tek-4-2 38.99341 27.05418 11.5 700 32 Alluvial fan (middle) Arable land

Tek-5 38.99472 27.05216 9.1 786 48 Alluvial fan (middle) Arable land

Tek-5-2 38.99554 27.04988 7.4 400 17 Alluvial fan (middle) Arable land

Tek-6 38.99688 27.04662 6.3 800 50 Alluvial fan (toe) Arable land

Table 2. The equal interval classification of the sediment proxies (except pH; Soil Science Division Staff, 2017).a

Class pH
EC

(μS/cm)
XLF

(10−8 m3/kg)
LOI550

(mass%)

Class 1 (very low) 6.5–7.3 Neutral 84–227 4–32 0.7–2.1

Class 2 (low) 7.3–7.8 Slightly alkaline 227–371 32–60 2.1–3.5

Class 3 (medium) 7.8–8.4 Moderately alkaline 371–515 60–87 3.5–4.9

Class 4 (high) 8.4–9 Strongly alkaline 515–659 87–115 4.9–6.2

Class 5 (very high) ≥ 9 Very strongly alkaline 659–803 115–143 6.2–7.6

aEC, electrical conductivity; LOI550, loss on ignition at 550°C; XLF, mass-specific susceptibility at the low frequency.
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Table 3. The AMS-14C dating samples from the Tekkedere valley (n = 6) and Tekkedere alluvial fan (n = 14), pretreatment procedure, sediment facies of the sample location and their dating results and calibration
(calibration curve: IntCal20; Reimer et al., 2020).

Sediment
profile

Depth/cm bs
(unit ID)a

Lab. ID
(TÜBİTAK*)

Dated
materialb

Pretreatment
procedurec

Sediment
faciesd

Radiocarbon age
14 C yr BP ± σ

cal yr BP

BC/AD
(95%)Median 95% probability

Tek-1

40 (⑤) 1143 Charcoal ABA Ab 318 ± 23 388 456–308 AD 1494–1642

144 (②) 1145 Shell Acid splash Aa 663 ± 24 628 668–560 AD 1282–1390

172 (①) 1142 Charcoal ABA Ab 627 ± 24 599 653–554 AD 1297–1396

Tek-2
65 (④) 1144 Charcoal ABA sAa 899 ± 23 791 904–732 AD 1046–1218

75-80 (④) 1141 Charcoal ABA sAa 910 ± 24 827 908–737 AD 1042–1213

Tek-3 125 (③) 1140 Charcoal ABA Ab 1243 ± 26 1183 1271–1072 AD 679–878

Tek-4-2
161 (⑥) 1646 C/S ABA Bb 4164 ± 28 4708 4829–4581 2880–2632 BC

469 (②) 1647 C/S Acid wash sBa 4283 ± 45 4852 4971–4653 3022–2704 BC

Tek-5

221 (⑥) 1648 C/S Acid wash Ba 5680 ± 31 6457 6556–6396 4607–4447 BC

260–265 (⑥) 1649 C/S Acid wash Ba 4719 ± 29 5447 5575–5325 3626–3376 BC

363 (⑤) 1650 C/S Acid wash Bb 3399 ± 27 3634 3812–3566 1863–1617 BC

427 (④) 1651 Bulk soil Acid wash sCf 4330 ± 30 4892 4968–4841 3019–2892 BC

435 (④) 1652 C/S Acid wash sCf 4635 ± 27 5412 5462–5309 3513–3360 BC

478 (③) 1653 Bulk soil Acid wash sCf 5347 ± 30 6128 6270–6002 4321–4053 BC

781 (①) 1654 Charcoal ABA Cf 4502 ± 31 5162 5301–5045 3352–3096 BC

Tek-5-2

273 (②) 1655 Charcoal Acid wash Ba 2542 ± 26 2627 2743–2499 794–550 BC

285-286 (①) 1656 Bulk soil Acid wash sCf 3734 ± 31 4086 4224–3982 2275–2033 BC

354 (①) 1657 C/S ABA Cf 5046 ± 28 5823 5901–5718 3952–3769 BC

Tek-6
459–460 (②) 1658 Bulk soil Acid wash Cs 4308 ± 29 4861 4959–4833 3010–2884 BC

665–666 (②) 1659 Bulk soil Acid wash Cs 5294 ± 29 6082 6187–5947 4238–3998 BC

acm bs, cm below surface. Numbers in circles correspond to unit numbers in Figs. 3–5.
bC/S refers to mixed materials (charcoal and accompanying sediments).
cABA refers to standard acid-base-acid protocol.
dSee Table 4 for descriptions.
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SEDIMENT CHARACTERISTICS

The analyzed sediment profiles are located in two different land-
forms: the valley infill of the tributary creek B and the Tekkedere
alluvial fan (Table 1). Profile Tek-2 from the valley infill and
profiles Tek-5 and Tek-6 from the fan are taken as key profiles
and are presented in detail. Additional profiles provided in the
Supplementary Material show comparable sediment characteris-
tics. The calculation of the median value of sediment proxies
from different profiles’ sedimentary units is provided in the
data set (Yang et al., 2022). Taken together, the samples’ ages
range between ca. 6.6 and 0.3 cal ka BP (Table 3).

Tekkedere valley infill: key profile Tek-2
Profile Tek-2 has a total thickness of 158 cm, and its six lithostrati-
graphic units are dominated by alternating units of silts/sands and
pebbles (Fig. 3). Except for the upper two units (units 5 and 6), lith-
ostratigraphic units 1–4 show sharp contacts. Roots occur com-
monly above 100 cm below surface (cm bs). The sediment matrix
is strongly calcareous and moderately alkaline (pH: 8.1 (0.1)). EC
values (EC: 95 (10) μS/cm) are very low (class 1; Table 2) and only
slightly increased in unit 4. XLF (24 (9) × 10−8 m3/kg, class 1) and
LOI550 (4.1 (0.6) mass%, class 3) peak in the same unit.

Basal unit 1 (158–135 cm bs) is characterized by yellowish-
brown, highly compacted silty sand with few embedded medium
pebbles (Ø < 2 cm). Some pebbles show a grayish weathering rind.

Unit 2 (135–116 cm bs) shows clast-supported fabric. The
clasts consist of yellowish-brown, disorganized pebbles with few
fine cobbles (Ø < 11 cm). The matrix is sandy silt with adhesions
of secondary precipitated carbonates and very few fine roots.

Unit 3 (116–84 cm bs) is characterized by normally graded
fabric. The sediment texture changes from strong yellowish silty
sand with few angular, disorganized fine to coarse pebbles (Ø <
3 cm) at the base of the unit, to light gray silty sand at the top.
Clasts are partly carbonated and slightly weathered. Very few
fine to coarse roots occur throughout the unit. The analytical val-
ues of sediment samples (n = 4) from units 1–3 remain roughly
constant. Sediments are moderately alkaline (pH: 8.2 (0)). EC
(94 (4) μS/cm, class 1) and XLF (14 (3) × 10−8 m3/kg, class 1)
are very low. LOI550 (3.4 (0.2) mass%, class 2) is low.

Unit 4 (84–65 cm bs) is composed of light grayish, slightly
sandy silt with few fine pebbles. Fine roots and burrows are abun-
dant. Sediments are moderately alkaline and enhanced in solutes
(EC: 128 (9) μS/cm, class 1, n = 3). XLF amounts to 38 (0) × 10−8

m3/kg (class 2, n = 3), and LOI550 totals to 4.9 (0.5) mass% (class
4, n = 3). Two charcoal pieces (at 65 cm bs and 75–80 cm bs) date
unit 4 to around 908–732 cal yr BP (Fig. 3, Table 3).

Unit 5 (65–32 cm bs) is characterized by light grayish, silty
sand with embedded pebbles to fine cobbles (Ø < 7 cm). A thin
rooted clast-supported layer of fine pebbles is interbedded at
65–60 cm bs A shell of a land snail occurs at 55 cm bs EC, XLF,
and LOI550 values (n = 2) widely correspond to the values of
units 1–3.

Unit 6 (32–0 cm bs) corresponds to the modern plow hori-
zon. It consists of dark to light brown sandy silt with very few
fine to coarse pebbles (Ø < 3 cm). The unit has abundant
roots and common burrows. The samples (n = 2) show slightly
decreased pH values (7.9 (0.1)) and increased XLF (37 (13) ×
10−8 m3/kg, class 2) and LOI550 (5.5 (0.8) mass%, class 4)
values.

Figure 3. The lithostratigraphy, radiocarbon dates, and sedimentological analyses of sediment outcrop Tek-2. The color of the sediment texture column represents
the color observed in the field; the shaded band represents the different units and the dashed line refers to the depth in every meter. cm bs, cm below surface; EC,
electrical conductivity; LOI550, loss on ignition at 550°C; XLF, mass-specific susceptibility at the low frequency.
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Tekkedere mid-fan: key profile Tek-5

Profile Tek-5 was obtained from the middle position of the
Tekkedere alluvial fan (Fig. 2A). The extracted 786-cm-thick sedi-
ment sequence is divided into eight units (Fig. 4). The lower part
of the profile (below 426 cm bs, units 1–4) is mainly characterized

by layers of dark grayish or brownish silts with very few embed-
ded fine pebbles, whereas units of brownish silts and sands with
variable contents of pebbles prevail in the upper half of the profile
(units 5–8). Concentrations of secondary precipitated carbonates
and manganese mottles or small nodules occur almost throughout
the whole profile.

Figure 4. The lithostratigraphy, radiocarbon dates, and sediment analyses of sediment core Tek-5. The confidence intervals of the sample median mass-specific
susceptibility at the low frequency (XLF) values are estimated by simple quantile bootstrapping (B = 1,000). cm bs, cm below surface; EC, electrical conductivity;
LOI550, loss on ignition at 550°C.
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Sediment samples (n = 48) in the profile Tek-5 are slightly to
strongly alkaline (pH: 8.0 (0.1)). EC indicates an overall very
low amount of solutes (195 (43) μS/cm, class 1, n = 48) with
slightly increased values in units 1–4 (237 (35) μS/cm, class 2,
n = 25). XLF shows a median value of 27 (7) × 10−8 m3/kg
(class 1, n = 48) with relatively low results in units 1–4
(20 (8) × 10−8 m3/kg, class 1, n = 25) and relatively high results
in units 5–8 (32 (7) × 10−8 m3/kg, class 2, n = 23). LOI550 has a
median value of 3.5 (0.9) mass% (class 3, n = 48) in the profile,
with slightly higher values in units 1–4 (4.4 (0.7) mass%, class
3, n = 25) than in units 5–8 (3.2 (0.4) mass%, class 2, n = 23).
Ca/Ti and Zr/Rb ratios also display marked differences between
the upper and lower halves of the profile. Variabilities of both
Ca/Ti (14.70 (2.1), n = 25) and Zr/Rb (1.50 (0.2), n = 25) in
units 1–4 are slightly smaller than in units 5–8, where Ca/Ti
has a median value of 19.99 (4.4, n = 23) and Zr/Rb has a median
value of 1.71 (0.2, n = 23) (Fig. 4). In addition to sedimentological
differences between the two parts of the profile, differences are
also identified among the units. Dating results in Tek-5 (n = 7,
from ca. 6.6 cal ka BP at 221 cm bs to 3.6 cal ka BP at 363 cm
bs) show markedly repeated age inversions (Fig. 4, Table 3).

Unit 1 (786–693 cm bs) consists of very dark gray (10YR 3/1),
moderately to strongly calcareous sandy silt. An intermediate
sandy layer occurs at 751–740 cm bs Common carbonate nodules
and few manganese mottles exist. Fine pieces of snail shells were
found around 765 cm bs The charcoal sample from the bottom of
the profile (781 cm bs) dates to 5301–5045 cal yr BP (Table 3).
The transition from unit 1 to 2 takes place gradually.

Unit 2 (693–607 cm bs) contains two layers of dark yellowish-
brown (10YR 4/3) sandy silt with an intercalated layer of very
dark grayish-brown (10YR 3/2) sandy silt at 658–662 cm bs
Sediments are strongly calcareous. Few blackish manganese and
reddish iron nodules (Ø < 1 cm) and common carbonate nodules
occur in the lower third of the unit. The sediment boundary
between units 2 and 3 is gradual.

Unit 3 (607–477 cm bs) consists of strongly calcareous sandy
silt with very few fine pebbles. The color changes from dark
brown (7.5 YR 3/2) at the bottom to brown (7.5 YR 4/3) at
the top. Few fine carbonate nodules and manganese mottles are
incorporated. One vertical greenish mottled structure occurs at
530–520 cm bs.

Bulk parameters of LOI550 and XLF display strong oscillations
in median values for the three units (Fig. 4). In unit 1, XLF has a
median value of 32 (2) × 10−8 m3/kg (class 2, n = 5), and the
median value of LOI550 ranges into class 3 (4.4 (0.2) mass%).
With decreasing depth in unit 2, LOI550 values slightly increase,
while values for XLF slightly decrease (Fig. 4). Small peaks in
XLF and LOI550 occur at the intermediate layer of unit 2. In
unit 3, XLF values (n = 9) peak at 570 cm bs (29 × 10−8 m3/kg,
class 1) and gradually decrease toward the top, reaching a mini-
mum value (10 × 10−8 m3/kg, class 1) at 480 cm bs LOI550 values
gradually increase from 5 to 5.8 mass% (class 4) with decreasing
depth. At the top of unit 3 (478 cm bs), the organic-rich bulk
sample dates to 6270–6002 cal yr BP. The boundary between
unit 3 and overlying unit 4 is sharp.

Unit 4 (477–426 cm bs) is composed of brown (7.5 YR 5/4),
poorly compacted and strongly calcareous, slightly fine pebbly,
silty sand in the lower part (477–463 cm bs) and dark yellowish-
brown (10YR 4/4), heavily compacted, moderately calcareous
sandy silt in the upper part (463–426 cm bs). Some pebbles are
carbonated. Few fine manganese nodules and very few fine car-
bonate concretions were found.

The median pH value of water-saturated sediments in unit 4 is
around 8.1 (n = 6) and is in the same range as the underlying
units (moderately alkaline). Also, EC values are comparable to
those in the underlying sediments but exhibit remarkable oscilla-
tions (245 (32) μS/cm, class 2, n = 6). LOI550 is low in the lower
layer of unit 4 (2.7 mass%, class 2, at 477–463 cm bs), and it
increases toward the unit top, peaking at 444 cm bs (4.1 mass%,
class 3). XLF has a median value of around 13 (3) × 10−8 m3/kg
(class 1, n = 6) and constantly increases from 10 × 10−8 m3/kg
(class 1) at the bottom to 33 × 10−8 m3/kg (class 2) at the top.
Graphs of element ratios (Ca/Ti and Zr/Rb) widely run in parallel,
both showing low values in the lower strata (units 1–4; Fig. 4).
At the top of unit 4, a bulk sample from 427 cm bs dates to
4958–4841 cal yr BP, and a mixed charcoal/sediment sample
from 435 cm bs dates to 5462–5309 cal yr BP. The boundary
with overlying unit 5 is sharp.

Unit 5 (426–358 cm bs) consists of dark yellowish-brown
(10YR 4/6), normally graded sediments. Sediment texture changes
from very soft, subangular to subrounded medium pebbly (Ø <
2 cm) sand at the base to silty sand at the top. A snail fragment
occurs at 420 cm bs The sediments are moderately to strongly cal-
careous and contain very few blackish manganese mottles. The
pH peaks at the top of unit 5 (pH: 8.6, strongly alkaline, at
363 cm bs). Within unit 5 (n = 4), EC (118 (17) μS/cm, class 1)
and LOI550 (1.9 (0.4) mass%, class 1) drop to their lowest values,
whereas XLF (37 (4) × 10−8 m3/kg, class 2) shows high values in
comparison with the underlying and overlying units. Element
ratios of Ca/Ti (19.2 (3.4)) and Zr/Rb (1.7 (0.4)) also slightly
increase compared with the lower units. The mixed charcoal/
sediment sample at 363 cm bs dates to 3812–3566 cal yr BP.
The boundary with overlying unit 6 is sharp.

Unit 6 (358–169 cm bs) consists of soft, moderately calcareous,
and normally graded sediments. The texture changes from
strongly brown (7.5 YR 4/4) sandy silt at the bottom to brown
(7.5 YR 5/6) slightly sandy silt at the top. Few fine pebbles
(Ø < 1 cm) occur and very few of them are carbonated. Grayish
to blackish manganese mottles commonly exist throughout the
unit, particularly at 358–313 cm bs Fine brick/ceramic fragments
were found at 180 and 273 cm bs.

The measured bulk parameters (n = 10) remain constant in
this unit and show clear differences with the underlying unit 5
and the overlying unit 7. Sediments are moderately alkaline
(pH: 8.1 (0.1)). EC shows alternating, but overall increased values
(186 (33) μS/cm, class 1). XLF values display a distinct trough (24
(4) × 10−8 m3/kg, class 2) compared with the underlying unit 5
(37 (4) × 10−8 m3/kg, class 2, n = 4) and overlying unit 7 (44
(2) × 10−8 m3/kg, class 2, n = 6). LOI550 (3.2 (0.3) mass%, class
2) remains relatively stable and is higher than in the underlying
(1.9 (0.4) mass%, class 1, n = 4) and overlying unit (2.2 (0.3)
mass%, class 2, n = 6). Element ratios (Ca/Ti and Zr/Rb) remain
roughly the same and show relatively lower values compared
with the underlying and overlying units. The two datings of
mixed charcoal/sediment samples show distinct age inversions.
The sample from 260–265 cm bs dates to 5575–5325 cal yr BP.
The sample from 221 cm bs dates to 6556–6396 cal yr BP and,
thus, is older than the underlying age samples. The transition
between units 6 and 7 is sharp.

Unit 7 (169–58 cm bs) is characterized by yellowish-brown
(10YR 5/4), slightly compacted, and inversely graded sediments.
Sediment texture changes from fine pebbly silty sand at the bot-
tom to sandy, subangular subrounded medium pebbles at the
top. The pebbly sediments at the top are matrix-supported and
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poorly sorted. Sediments in this unit are strongly calcareous and
contain very few carbonate nodules. A ceramic piece occurs at
149–140 cm bs and a small brick fragment at 150–147 cm bs
Geochemical samples (n = 6) indicate relatively low EC (150
(15) μS/cm, class 1) and LOI550 values (2.2 (0.3) mass%, class
2) compared with those in the overlying and underlying units.
Overall, LOI550 values gradually increase from the bottom (1.8
mass%, class 1) to the top (3.3 mass%, class 2). Along with the
whole extracted profile, values of XLF (44 (2) × 10−8 m3/kg, class
2) and the Ca/Ti ratio (40.05 (6.9)) reach their maximum in
unit 7. Also, the Zr/Rb has a peak of 2.55 at 130 cm bs The boun-
dary with overlying unit 8 is gradual.

Unit 8 (58–0 cm bs) corresponds to the present-day plow hori-
zon and contains dark yellowish-brown (10YR 4/4), moderately
calcareous, slightly sandy silt with very few embedded fine pebbles
and roots. The pH values remain stable all over units 6–8 (mod-
erately alkaline). EC values steadily increase from the bottom to
the top of unit 8, reaching 271 μS/cm (class 2) at the surface.
LOI550 contents have a median value of 5.1 (0.1) mass% (class
4, n = 3). XLF values (37 (0) × 10-8 m3/kg, class 2, n = 3) are
slightly lower than in the underlying unit 7. Element ratios
(n = 3) of Ca/Ti (18.57 (1.3)) and Zr/Rb (1.50 (0.1)) are in the
same range as unit 6 and are distinctly lower than unit 7.

Tekkedere fan toe: key profile Tek-6

Profile Tek-6 was extracted from the toe of the Tekkedere alluvial
fan. It has a total thickness of 800 cm and includes seven units
(Fig. 5). This profile is characterized by a thick (2.5 m) unit of
blackish-grayish clayey silt (unit 2) in its lower part, overlain by
normally graded sediments (units 3 and 4) in the middle part
and brownish fine-textured sediments (units 5–7) in the upper
2 m. Sediments of Tek-6 are moderately to strongly calcareous.

The pH values in the lower half of the profile (below 427 cm
bs, units 1 and 2) are constant at 8.4 (0.1, n = 30), corresponding
to a moderately alkaline environment. Sediments from 400 cm bs
to the profile surface gradually change to slightly alkaline (pH is
7.9 at 33 cm bs). The graphs of EC (343 (108) μS/cm, class 2, n =
50) and LOI550 values (3.9 (2.1) mass%, class 3, n = 50) run
inversely to the graph of pH values. The lowest EC and LOI550
values are observed at the middle profile (427–224 cm bs). The
graph of XLF values (56 (29) × 10−8 m3/kg, class 2, n = 50) roughly
shows the same trend as pH and peaks at 109 (10) × 10−8 m3/kg
(class 4) in the middle part of the profile (427–224 cm bs, n = 11).
The element ratio of Ca/Ti has a median value of 12.94 (3.9) and
Zr/Rb has a median value of 1.20 (0.2), with a distinct Ca/Ti peak
at 677 cm bs and a distinct Zr/Rb peak at 400 cm bs.

Unit 1 (800–677 cm bs) is composed of four thin layers of
sandy to silty sediments varying in color (Fig. 5). Brown sedi-
ments at 747–725 cm bs are normally graded, with texture grad-
ually changing from coarse sand with few medium pebbles (Ø <
3 cm, angular to subrounded) at the bottom to silty sand at the
top. The uppermost layer (725–677 cm bs) consists of brown to
yellowish-gray sandy silt with few weathered carbonate concre-
tions. The yellowish-gray color of the sediment likely results
from the weathered carbonate. At 770–725 cm bs, sediments are
strongly calcareous. The graphs of measured bulk parameters
have comparable trends with a slight decrease of pH, EC, and
LOI550 values occurring around 770 cm bs The Ca/Ti ratio has
a median value of 17.75 (4.2, n = 10) and a peak of 21 at the
top of this unit (around 673 cm bs). The ratio of Zr/Rb has a
median value of 1.45 (0.2, n = 10). The boundaries among the

layers in this unit are gradual, and unit 1 sharply transitions to
unit 2.

Unit 2 (677–427 cm bs) is characterized by poorly compacted,
blackish-grayish clayey silt. Color varies slightly between dark
greenish gray (Gley 1 3/5GY, 600–500 cm bs) and very dark
gray (Gley 1 3/N, 500–436 cm bs). The sediments are moderately
calcareous at 657–628 cm bs and slightly calcareous at 600–
436 cm bs Other than a single carbonate nest around 585 cm bs
and few carbonate concretions at 677–657 cm bs, very few car-
bonate concretions occur in this unit. Sediments at 677–657 cm
bs are clayey sandy silt, slightly coarser than the upper part
(657–436 cm bs). The latter is characterized by a very strong ema-
nation of an H2S smell after adding 9.9% HCl, indicating the pres-
ence of Fe sulfides under reducing conditions (Jahn et al., 2006).
At 436–427 cm bs, sediments are moderately calcareous, poor in
clay content, and contain very few fine reddish iron mottles.

The pH values (n = 20) gradually decrease from 8.5 (strongly
alkaline) at the base to 8.2 (moderately alkaline) at the top. EC
values (n = 20) gradually increase from ca. 300 μS/cm (class 2)
at the bottom to 500 μS/cm (class 3) at the top. XLF values remain
low (35 (3) × 10−8 m3/kg, class 2, n = 14) at 600–440 cm bs, where
LOI550 values reach the maximum (6.7 (0.5) mass%, class 5, n =
20) of the whole profile. Element ratios of Ca/Ti (8.65 (2.0), n =
20) and Zr/Rb (0.94 (0.1), n = 20) remain low. Two organic-rich
bulk samples from 665 cm bs and 460 cm bs date to 6187–5947
cal yr BP and 4959–4833 cal yr BP, respectively. The sediment
boundary between units 2 and 3 is sharp.

Unit 3 (427–320 cm bs) shows slightly calcareous and nor-
mally graded sediments. The texture gradually changes from
light olive brown (2.5 Y 5/3) pebbly coarse sand at the base, to
medium–coarse sand in the middle, to dark yellowish-brown
(10YR 4/6) fine sand at the top. Very few manganese mottles
and few micas occur in the upper part of the unit (320–315 cm
bs). Sediments are strongly alkaline (pH: 8.7 (0.1), n = 5).
Median values (n = 5) of EC (112 (11) μS/cm, class 1) and
LOI550 (0.8 (0.1) mass%, class 1) are the lowest of the whole pro-
file. XLF values (114 (19) × 10−8 m3/kg, class 4, n = 5) peak at ca.
400 cm bs (143 × 10−8 m3/kg, class 5) and gradually decrease to
80 × 10−8 m3/kg (class 3) at the top. Ca/Ti values (14.68 (2.0),
n = 5) are slightly higher than in unit 2. The Zr/Rb ratio peaks
around 400 cm bs (3.91) and decreases toward the top. The boun-
dary between unit 3 and the overlying unit 4 is sharp.

Unit 4 (320–224 cm bs) continues the trend of decreasing
grain size with decreasing depth. The moderately calcareous sed-
iments consist of brown (7.5 YR 5/4) coarse sand at the bottom,
sandy silt at the middle, and dark reddish-gray (5 YR 4/2) sandy
clayey silt at the top. Weathered fragments of carbonate rocks
occur at 239–232 cm bs and very few manganese mottles
at 244–224 cm bs Sediments are strongly alkaline (pH: 8.5 (0.1),
n = 6). EC values gradually increase from 140 μS/cm (class 1) at
the base to 487 μS/cm (class 3) at the top. Median XLF values
(106 (7) × 10−8 m3/kg, class 4, n = 6) remain in the same range
as in the underlying unit 3. Also, the LOI550 median value is
around 1.5 (0.7) mass% (class 1, n = 6) and shows the same
range as in unit 3. The Ca/Ti ratio (12.63 (1.9), n = 6) and
Zr/Rb ratio (1.40 (0.1), n = 6) exhibit a slight increase from the
bottom to the top and display small peaks in the upper part.
The boundary with overlying unit 5 is gradual.

Unit 5 (224–107 cm bs) shows reddish-brown (5 YR 4/4),
strongly compacted clayey silt with very few embedded fine
pebbles. Manganese mottles commonly exist in this unit with
slightly decreasing abundance from the bottom to the top.
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Sediments are slightly calcareous and very few fine to medium
carbonate fragments occur at 200–150 cm bs The boundary
with overlying unit 6 is a gradual contact.

Unit 6 (107–29 cm bs) consists of brown (7.5 YR 5/4), slightly
calcareous clayey silt. The compactness and carbonate content

decrease with decreasing depth. Sediments from units 5 and 6
are moderately alkaline with decreasing pH values from the
bottom to the top. EC values gradually decrease from ca. 730
μS/cm (class 5) in unit 4 to 330 μS/cm (class 2) in unit
6. Median XLF values in units 5 and 6 are low without remarkable

Figure 5. The lithostratigraphy, radiocarbon dates, and sediment analyses of sediment core Tek-6. cm bs, cm below surface; EC, electrical conductivity; LOI550, loss
on ignition at 550°C; XLF, mass-specific susceptibility at the low frequency.
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oscillations (24 (1) × 10−8 m3/kg, class 1, n = 9). LOI550 values in
both units are relatively high (5.2 (0.2) mass%, class 4, n = 9) com-
pared with the underlying units 3 and 4 (1.1 (0.4) mass%, class 1,
n = 11). The Ca/Ti ratio (17.58 (1.7), n = 9) is high and the Zr/Rb
ratio (1.22 (0.1), n = 9) is low in units 5 and 6. Unit 6 gradually
transitions to unit 7.

Unit 7 (29–0 cm bs) corresponds to the present-day plow hori-
zon, which consists of brown (7.5 YR 4/2), heavily compacted
clayey silt.

SEDIMENT FACIES

Similar to previous studies in the Pergamon micro-region
(Schneider et al., 2014, 2015), sediment facies in the eight
Tekkedere profiles are identified based on their geomorphological
setting, field observation, sediment texture, and measured sedi-
ment characteristics (Blair and McPherson, 1994; Brown, 1997;
Goldberg and Macphail, 2006; Miall, 2006, 2014).

Facies A: Tekkedere valley bottom sediments

Sediments that infilled the Tekkedere valley, that is, profiles Tek-1
(Supplementary Fig. 2), Tek-2 (Fig. 3), and Tek-3 (Supplementary
Fig. 3), are classified as facies A (Tekkedere valley bottom sedi-
ments). Facies A is further subdivided into fine-textured (facies
Aa) and coarse-textured (facies Ab) deposits (Table 4). They
were predominantly deposited by fluvial processes of the
Tekkedere creek (Fig. 2A and C), as evidenced by the sediment
lithology and topographical location (Goldberg and Macphail,
2006). Fluvial sediments are partly interfingering with colluvial
deposits characterized by massive bedding and poor sorting
(Mills, 1979; Brown, 1997; Miall, 2014). The development of
fine- and coarse-textured valley bottom sediments in Tekkedere
is different from the formation of sediments in the Gümüş valley,
where fine-grained sediments dominate (Knitter, 2013).

Facies Aa (fine-textured sediments) contains lower coarse frac-
tion content (grains <2 mm are less than 10%), whereas facies Ab
(coarse-textured) shows distinctively higher coarse fraction con-
tent (reaching 60%) (Fig. 3). Compared with facies Aa, facies
Ab is mostly more alkaline and shows lower EC and LOI550
values. Parts of the fine-textured sediments present typical
post-sedimentary and pedogenic features, including common
animal burrows and roots, relatively dark color, low pH, high
EC, and increased LOI550 values. They document processes of
humification and consequently are classified as buried topsoil
horizons (pedofacies sAa in Table 4; Goldberg and Macphail,
2006), such as the buried soil horizon of unit 4 in Tek-2
(Fig. 3). This facies indicates a poorly developed soil horizon,
pointing to a short period of reduced land erosion activity
(Dusar et al., 2011).

Facies B: Tekkedere alluvial fan sediments

The deposition of the Tekkedere alluvial fan is predominantly
formed by brownish fan sediments (facies B). Facies B is also dif-
ferentiated into fine-textured (facies Ba) and coarse-textured
(facies Bb) deposits (Table 4) with distinct characteristics of allu-
vial fan deposits (Blair and McPherson, 2009; Bowman, 2019).
Facies Ba is inferred from the generally fine composition of
grain size (clayey to silty sediments with a low proportion of peb-
bles), often increased EC and LOI550 values, and very low results
for XLF values and Ca/Ti and Zr/Rb ratios. In contrast, facies Bb

contains more coarse components (sands with fine to medium
pebbles) and fewer Fe–Mn mottles than facies Ba, for example,
unit 1 in Tek-4 (Supplementary Fig. 4) and units 5 and 7 in
Tek-5 (Fig. 4). Facies Bb usually shows very low EC and LOI550
values, but increased XLF and element ratios.

Following the alluvial fan’s longitudinal profile (the transect
from the fan apex to its toe; Fig. 6), two major cycles of fine-
and coarse-textured fan sediments can be identified in the mid-
fan position, that is, profiles Tek-5 and Tek-4-2. In general, the

Table 4. The features of different sediment facies in the Tekkedere catchment.

Facies Descriptiona

Tekkedere
valley bottom
sediments
(A)

Aa Fine-textured valley bottom sediments,
containing less than 10% coarse
fraction (>2 mm)

sAa Buried topsoil horizons on the
fine-textured valley bottom sediments
(facies Aa) with high bioturbation and
higher EC and LOI550 values compared
with facies Aa

Ab Coarse-textured valley bottom
sediments, with coarse fraction
contents in the range of 10–60%;
mostly more alkaline; decreased EC
and LOI550 values

Tekkedere alluvial
fan sediments
(B)

Ba Fine-textured alluvial fan sediments,
characterized by clayey to silty
sediments with a low portion of
pebbles; often increased EC and LOI550
values; low XLF and element ratios of
Ca/Ti and Zr/Rb

sBa Buried topsoil horizons on the
fine-textured alluvial fan sediments
(facies Ba), with a distinct increase in
LOI550 values compared with facies Ba

Bb Coarse-textured alluvial fan sediments,
containing more coarse components
(mainly sands with fine to medium
pebbles) with less Fe–Mn mottles; very
low EC and LOI550 values; increased XLF
and element ratios of Ca/Ti and Zr/Rb

Bakırçay River
sediments
(C)

Cc Channel-related sediments of the
Bakırçay River, containing fining
upward pebbly sand with remarkably
low LOI550 values and relatively high
Zr/Rb ratio

Cf Floodplain sediments of the Bakırçay
River, dominated by sandy silt;
compared with the Tekkedere alluvial
fan sediments (facies B), generally
higher LOI550 and EC values, but lower
XLF and element ratios of Ca/Ti and
Zr/Rb

sCf Buried topsoil horizons on the Bakırçay
floodplain sediments (facies Cf), with
increased LOI550 values compared with
facies Cf

Cs Still water sediments of a poorly
drained environment on the Bakırçay
floodplain, containing dark gray silty
clay with very high LOI550 values; strong
H2S smell after adding 9.9% HCl

aEC, electrical conductivity; LOI550, loss on ignition at 550°C; XLF, mass-specific susceptibility
at the low frequency.
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texture of facies Ba and Bb fines from the apex to the toe of the
alluvial fan, and the thickness of layers declines in parallel
(Fig. 6), which is also reported on the alluvial fans in western
Turkey (Özpolat et al., 2020). In addition, the thin layers of facies
Ba, which only vertically discontinuously occur in the lower part
of Tek-5, can be linked with the fine-textured sediments below
463 cm bs in Tek-4-2 (Fig. 6).

Increased LOI550 values in units 2 and 5 of Tek-4-2
(Supplementary Fig. 5) indicate the evidence of buried topsoil

horizons developed on the fine-textured alluvial fan deposits, reach-
ing a thickness up to 30 cm (facies sBa in Fig. 6 and Table 4; Soil
SurveyStaff, 1999;Kapuret al., 2017;Macphail andGoldberg, 2017).

Facies C: Bakırçay River sediments

Given that the position of the fan toe is proximal to the Bakırçay
River, the dark-colored and organic-rich sediments in the lower
part of the profiles extracted at the middle–distal part of the fan

Figure 6. Longitudinal profile along with the Tekkedere alluvial fan (91 × vertical exaggerations) with sediment cores. Display of the thickness of the different units
corresponds to height scale, and sediment architectures are based on the sediment units of the different cores. Embedded calibrated radiocarbon ages provide an
overview of sediment ages and age inversions. m asl, m above sea level.
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(profiles Tek-5, Tek-5-2, and Tek-6) are interpreted as Bakırçay
River deposits (facies C in Fig. 6; cf. Goldberg and Macphail,
2006; Miall, 2006). Most of these sediments correspond to
sandy silts, whereas coarse sands and angular pebbles are nearly
absent. The Ca/Ti ratio in facies C is generally lower than in facies
B, likely associated with the differences in the occurrence and dis-
tribution of carbonate rocks in the drainage basins of Bakırçay
and Tekkedere (MTA, 2002; Yang et al., 2021; Fig. 2B).

Field observation in the present-day Bakırçay floodplain indicates
subenvironments of the abandoned channel, paleo-oxbow, and over-
bank, which are comparable to those of the Büyük Menderes flood-
plain in western Turkey (Özpolat et al., 2020). Based on sediment
characters and theiroccurrence inproximity to thepresent-day flood-
plain, the sandy-silty sediments are interpreted as Bakırçay River
floodplain deposits (faciesCf inTable 4; cf.Miall, 2006). These flood-
plain deposits can beobserved inunits 1 and 3 ofTek-5 (Fig. 4), unit 1
ofTek-5-2 (Supplementary Fig. 6), andunits 1 and 4ofTek-6 (Fig. 5).
In the lower part of profile Tek-5 (mid-fan position), the floodplain
deposits (facies Cf) interfingered with layers of fine-textured alluvial
fan sediments (faciesBa), that is, units 2 and4 inTek-5 (Figs. 4 and6).
Noneof thealluvial fan sediments (faciesB)occur in the lowerpartsof
Tek-5-2 and Tek-6 (the toe of the Tekkedere fan).

The 2.5-m-thick unit of dark gray silty clay with very high
LOI550 values (unit 2 in Tek-6; Fig. 5) is interpreted as still
water sediments (facies Cs; Table 4) of an oxbow lake or a (sec-
ondary) channel (Miall, 2006, 2014; Charlton, 2007). Sediments
overlying facies Cs in Tek-6 show a distinct fining-upward feature,
from pebbly sand (unit 3) to sandy silt (unit 4) (Fig. 5). This grad-
ual change in grain size reflects a reduction in the sediment trans-
portation ability of the Bakırçay River. The decreasing fluvial
activity points out a high-energy channel-related environment
(facies Cc) transferred to a low-energy floodplain (facies Cf)
(Miall, 2006). In the middle part of unit 1 in Tek-6, a similar fea-
ture of abandoned channel-related deposits (facies Cc) can be
observed, but it is less thick and distinct (Fig. 6). In general, the
gradual change in vertical lithostratigraphy indicates a meander-
ing pattern (Miall, 2006). This is supported by Aksu et al.
(1987) who suggest a strongly meandering channel pattern of
the Bakırçay in its lower course during the Late Quaternary.

Redoximorphic features of Mn–Fe nodules as well as secondary
precipitated carbonates prevailing in the Bakırçay floodplain depos-
its reflect the effect of a post-sedimentary seasonally fluctuating
groundwater table (Goldberg andMacphail, 2006). These postdepo-
sitional processes have also been reported in several locations in the
lower Bakırçay basin (Schneider et al., 2014, 2015, 2017).

Boundaries between the facies of the Bakırçay River floodplain
(facies Cf) and the overlying facies of the Tekkedere alluvial fan
(facies B) in profiles Tek-5, Tek-5-2, and Tek-6 are roughly at
the same absolute elevation (ca. 4–5 m asl; Fig. 6). At these
boundaries, the floodplain deposits frequently show weakly devel-
oped thin fossil soil horizons (facies sCf; Fig. 6, Table 4), that is,
the buried paleosols in the upper part of units 3 and 4 in Tek-5
(Fig. 4), unit 1 in Tek-5-2 (Supplementary Fig. 6), and unit 4 in
Tek-6 (Fig. 5). Comparable to soil facies sAa in the Tekkedere val-
ley bottom, this pedofacies sCf with its immature A horizon doc-
uments past soil formation and a stable surface on the floodplain.

MID- TO LATE HOLOCENE GEOMORPHODYNAMICS

The lithostratigraphic analyses and the radiocarbon ages indicate
four major geomorphodynamic phases from the Middle to Late
Holocene (Figs. 6 and 7).

Phase 1 (ca. 6.2 to 5–4 ka): aggradation of the Bakırçay
floodplain

Sediment dynamics during the first phase are mainly related
to the deposition of Bakırçay River sediments (facies C), for
example, the floodplain aggradation. Proximal to the current
Bakırçay channel, the paleo-floodplain (facies Cf) at the Tek-6
location was first dissected by a (secondary) channel (facies Cc)
(Fig. 6). The channel was then filled by sediments with the fining
upward feature. Hereafter, a still water environment (facies Cs)
existed for more than a millennium (from 6.1 to 4.9 ka;
Table 3). It was then dissected by a younger channel (facies Cc)
and successively covered with silty floodplain deposits (facies
Cf). The upper floodplain layers (facies Cf) in profile Tek-6 are
linked to the floodplain sediments in Tek-5-2 based on the
same absolute elevation at ca. 4–5 m asl (Fig. 6). More distal to
the current Bakırçay River, floodplain deposits (facies Cf) in
Tek-5 interfinger with the sediments originating from the
Tekkedere catchment (facies Ba), which indicates the location of
Tek-5 marks a former overlapping zone of the peripheral
Bakırçay plain and the Tekkedere fan.

The beginning of the Bakırçay floodplain aggradation in the
area of the present-day Tekkedere fan predates ca. 6.2 ka. This
is revealed by the radiocarbon sample from the bottom of the
still water sediment in Tek-6 (6187–5947 cal yr BP at 665 cm
bs; Table 3). Accordingly, the underlying floodplain (facies Cf)
and the secondary channel (facies Cc) deposits were older than
6.2 cal ka BP. The Bakırçay floodplain sediments continued to
deposit in the distal part of the current Tekkedere alluvial fan at
least until 5301–5045 cal yr BP, which is indicated by the charcoal
sample at 781 cm bs in Tek-5 (Table 3). Although it has to be
considered that radiocarbon dates of charcoals are often inter-
preted as the maximum depositional age due to the possible
reworking of the samples before their last deposition (Lang and
Hönscheidt, 1999; Chiverrell et al., 2007; Nykamp et al., 2020),
the aforementioned charcoal, because of its considerable size
(Ø = ca. 0.5 cm, larger than other charcoal pieces) and its deposi-
tion in fine floodplain sediments, is considered to have been
deposited a rather short time after being burned. Hence, it is
acceptable to use the charcoal date as the depositional age of
the surrounding sediments.

The termination of floodplain aggradation in the first phase is
marked by the formation of soil horizons (Fig. 6). The dating
of the end of phase 1 is precarious due to several age inversions
and the specific characteristics of different dated materials. In
Tek-5, the dating results of the two samples from 478 cm bs
(6270–6002 cal yr BP) and 435 cm bs (5462–5309 cal yr BP)
are most likely overestimated (Fig. 6), because the charcoal sample
taken from the bottom of the profile (781 cm bs, 5301–5045 cal yr
BP) represents a maximum depositional age of the overlying
deposits. We therefore suggest the dating samples from the soil
horizons (around 430 cm bs in Tek-5) incorporated older materi-
als, such as reworked and washed terrestrial soils and organics
(Fowler et al., 1986; Strunk et al., 2020). However, an alternative
interpretation of dating results from bulk soil samples is possible.
Based on the open system of soil formation (Scharpenseel and
Schiffmann, 1977; Wang et al., 1996; Kovda et al., 2001), radiocar-
bon ages of organic-rich bulk samples are considered to be min-
imum ages since the initiation of soil formations (Scharpenseel
and Schiffmann, 1977; Wang et al., 1996). In this sense, the
time of the soil formation and the deposition of the parent mate-
rial should be even older than the dating result of the bulk sample
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Figure 7. The calibrated radiocarbon ages of the samples from the Tekkedere area and the natural and cultural variables in the Pergamon micro-region. Data set:
1) Tekkedere: sediment facies (this study) and preliminary results of the human occupation (Ludwig, 2020a; Michalski, 2021; Tozan, 2022) and earthquake in 1939
(Paradisopoulou et al., 2010; Çelik et al., 2019; Pirson, 2020; Tozan, 2022); 2) preliminary results of occupation in Pergamon city (Pirson, 2017); 3) Elaia: preliminary
results of occupation (Pirson, 2014; Pirson et al., 2015; Feuser et al., 2020) and landscape and forest cover (Shumilovskikh et al., 2016; Seeliger et al., 2019); 4)
Geyikli: preliminary results of occupation in Atarneus hill settlement (Schneider et al., 2013, 2014; Zimmermann et al., 2015); 5) western lower Bakırçay plain: pre-
liminary results of occupation in Yeni Yeldeğirmentepe (Horejs, 2010b, 2011b; Schneider et al., 2017) and Teuthrania/Teult114 (Schneider et al., 2015; Williamson,
2016) and modeled sedimentation (Becker et al., 2020a); 6) preliminary results of occupation in the Pergamon micro-region (only valid for its western part) (Horejs,
2010a, 2011a, 2014; Pirson and Zimmermann, 2014); 7) Beyşehir Occupation phase (Eastwood et al., 1998); 8) rainfall in Turkey (Finné et al., 2019). Abbreviations: E,
Early; M, Middle; L, Late; Hell., Hellenistic Period; Rom., Roman Imperial Period; pre-Otto., pre-Ottoman; Ottom., Ottoman.
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at 478 cm bs of Tek-5 (6270–6002 cal yr BP). Nonetheless, this is
inconsistent with the charcoal dating result.

The date of the bulk sample at 427 cm bs (4968–4841 cal yr
BP) in Tek-5 (Fig. 6) indicates soil formation continued after
ca. 5.0 ka. The bulk sample from the buried surface of the flood-
plain (facies sCf, 4224–3982 cal yr BP at 285 cm bs) in Tek-5-2
suggests the floodplain aggradation occurred before 4 ka. In
Tek-6, the uppermost layer of still water sediments dated to
4959–4833 cal yr BP represents the maximum burial age of the
floodplain at this location. Thus, based on the dating results
from the three profiles, the depositional termination of the
Bakırçay River sediments in the area of the recent Tekkedere
fan started before ca. 6.2 ka and ended between ca. 5 and 4 ka.
Concurrently, the fine-textured Tekkedere alluvial fan deposits
(facies Ba) accumulated at least to the location of Tek-4-2 and
interfingered with Bakırçay River sediments at the location of
Tek-5.

The dominant deposition of Bakırçay River sediments over
Tekkedere fan deposits was mainly controlled by supraregional fac-
tors. It is assumed that the extensive aggradation of the Bakırçay
River is associated with the rising sea level around the Elaia Bay
in the Aegean part of Turkey that slightly slowed down but contin-
ued after 6 ka (Kayan, 1999; Seeliger et al., 2017, 2019), resulting in
the rise of the erosional base level (Robustelli et al., 2009). In addi-
tion, during the Middle Holocene, the prevailing wetter-than-today
humid climate in Anatolia and the Balkans (Eastwood et al., 2007;
Finné et al., 2019; Fig. 7, rainfall in Turkey) fostered fluvial dynam-
ics (Walsh et al., 2019). Evidence for the increased sediment load
and discharge of the Bakırçay River in the Tekkedere area (i.e., max-
imum floodplain extension, a 1000-year-long still water environment,
and shifted secondary channels) coincides with thisMiddleHolocene
humid period. These fluvial dynamics are not only observed in
Tekkedere but also in other areas in the Pergamon micro-region
(Schneider et al., 2015, 2017; Becker et al., 2020a) and the eastern
Mediterranean region (Dusar et al., 2011; Benito et al., 2015; Glais
et al., 2017; Bulkan et al., 2018; Ocakoğlu et al., 2019).

Simultaneously, we could assume that under the Middle
Holocene humid climate and high forest cover (Shumilovskikh
et al., 2016; Fig. 7), erosion sensitivity and sediment dynamics
were low, which explains the middle Tekkedere alluvial fan
(Tek-4-2 and Tek-5) during this phase only consisted of fine-
textured sediments and had a low spatial extent (Fig. 6). The
interfingering layers of floodplain and alluvial fan deposits in
profile Tek-5 are attributed to torrential runoff events in the
Tekkedere valley, possibly corresponding to short-term rela-
tively arid events, as also recorded in Anatolia, for example, at
Gediz Graben during 5.7–4.2 ka (Bulkan et al., 2018), the
Kureyşler area at ca. 7.0–5.3 ka (Ocakoğlu et al., 2019), and
Tecer Lake at ca. 5.3–5 ka (Kuzucuoğlu et al., 2011).

Human impacts on geomorphodynamics in the Tekkedere
drainage basin during phase 1 might be negligible. Settlements
may have existed in the Pergamon micro-region since the
Neolithic, for example, Yeni Yeldeğirmentepe (Schneider et al.,
2017) and many sites in the western lower Bakırçay catchment
(Horejs, 2010a, 2011a, 2014; Pirson and Zimmermann, 2014;
Pirson, 2022), but there was likely no occupation or land use in
Tekkedere during this time (Michalski, 2021; Fig. 7).

Phase 2 (between ca. 5 and 4 ka): formation of floodplain soils

In all three sediment profiles where Bakırçay River sediments
were extracted, that is, Tek-5, Tek-5-2, and Tek-6, organic-rich

topsoil horizons (facies sCf) developed on the floodplain deposits
(facies Cf) (Fig. 6). The formation of the floodplain soil horizons
is marked as the second phase of geomorphodynamics, which
indicates no or negligible accumulation of materials and thus a
phase of relative stability. Phase 2 is suggested to have occurred
between ca. 5 and 4 cal ka BP, as dated by the bulk samples at
427 cm bs (4968–4841 cal yr BP) in Tek-5 and 285 cm bs
(4224–3982 cal yr BP) in Tek-5-2 (Fig. 6).

Reduced flooding activities, as well as low accumulation of fan
sediments, are the direct reasons for the soil formation, similar to
the case study in the Central Ebro Basin (NE Spain)
(Pérez-Lambán et al., 2018) and in the wider Mediterranean
region (Collins et al., 2005; Vött et al., 2006; Dusar et al., 2011).
The trend to floodplain stabilization or slow aggradation is in
accordance with climatic drying since 5.2 ka, particularly when
drier conditions dominated after 4500 yr BP (Finné et al.,
2019). The climatic erosion sensitivity, hence, became relatively
low (Dusar et al., 2011). In addition, the human disturbance in
the Tekkedere catchment and the immediate vicinity might also
be negligible in the second phase (Fig. 7), which altogether, pro-
motes the development of the soil horizons.

Phase 3 (ca. 4–3.8 ka): transition from floodplain to fan
environment and the onset of human impacts

The third depositional phase is characterized by the predominant
deposition on the Tekkedere alluvial fan (facies B) that covered
the floodplain soils (facies sCf; phase 2) and a terminal accumu-
lation of the Bakırçay floodplain (facies C; phase 1). The mixed
charcoal/sediment sample (3812–3566 cal yr BP, 363 cm bs)
from the alluvial fan deposit overlying the buried soil in Tek-5
suggests the maximum depositional age of the fan sediment at
this location (Fig. 6). Therefore, the transition from the floodplain
(and floodplain soils) environment to the Tekkedere alluvial fan
presumably took place between ca. 4 and 3.8 cal ka BP. The char-
coal sample taken from the overlying fan sediments dates much
later (2743–2499 cal yr BP, 273 cm bs) in Tek-5-2 which reveals
a younger coverage of fan sediments at the distal location.

This remarkable transition corresponds to the Mid-/Late
Holocene boundary and marks a substantial geomorphodynamic
change in the area. Factors that trigger this transition from phases
1 and 2 to phase 3 likely include (1) the 4.2 ka BP drought event
(Bini et al., 2019; Finné et al., 2019); (2) the onset of settlement
activities in the catchment area (Ludwig, 2020a; Michalski,
2021; Fig. 7); and (3) the internal behavior of the fluvial system
(Schumm, 1977), for example, the (secondary) channels of the
Bakırçay River shifted to the west.

The 4.2 ka BP drought event, generally corresponding to the
period from 4.3 to 3.8 ka BP, shows drier conditions throughout
the Mediterranean winters, in addition to already dry summers
(Bini et al., 2019). Because of its global significance, it defines a
formal boundary between the Mid- and Late Holocene (Walker
et al., 2019). More studies suggest this climate oscillation is not
just one single dry event, but a highly dynamic succession of
dry and wet events (Bini et al., 2019) affecting the worldwide
development of seasonal rainfalls, vegetation cover change
(Shumilovskikh et al., 2016; Di Rita et al., 2022), and ensuing tor-
rential runoff and high-frequency environmental instabilities
(Türkeş and Erlat, 2005; Kuzucuoğlu et al., 2011; Dreibrodt
et al., 2014; Ocakoğlu et al., 2019; Lawrence et al., 2021). The
change from dominating floodplain aggradation to enlarged fan
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development as observed in Tekkedere, therefore, probably corre-
sponds to the global effect of the 4.2 ka drought event.

In addition to a general change in climate, after the onset of
the Late Holocene, human activities started at the Kuyulu Kaya
Tepe in the Tekkedere valley (Ludwig, 2020a; Michalski, 2021;
Figs. 2A and 7). The subsequent continuous occupation and agri-
cultural and olive cultivation in the Tekkedere drainage basin
(Ludwig, 2019, 2020a; Michalski, 2021; Tozan, 2022) accompa-
nied by a generally dry climate caused the reduction of forest
cover, as is evident from the past vegetation change in Elaia
(Shumilovskikh et al., 2016; Fig. 7), which in turn accelerated
the soil erosion processes and hillslope dynamics in the
Tekkedere area.

In the Pergamon micro-region, the meta-analyses of previous
studies suggest the modeled sediment facies and reconstructed
geomorphodynamics in the western lower Bakırçay plain changed
remarkably at ca. 4 ka, in relation to both triggers of climate
change and continuous human settlements (Becker et al.,
2020a). In Elaia, terrestrial input is for the first time observed
to cover marine sediments after ca. 4 ka, which is associated
with human-induced catchment erosion (Pint et al., 2015). An
analogous environmental change is marked at 4.2 ka in
Mediterranean France, where soil development was buried by
rainfall-induced and ongoing human-exacerbated erosion
(Brisset et al., 2013). In our study, it is still a challenge to distin-
guish the dominating trigger between the climate and humans on
the increased geomorphodynamics during this period.

Notwithstanding the climatic drying and intensifying human
activities on both Tekkedere and Bakırçay catchments, the impor-
tant contribution of the Tekkedere alluvial fan sediments over the
Bakırçay floodplains is assumed to be due to different landscape
sensitivities (Yang et al., 2021), sediment (dis)connectivities,
and reaction times (Goldberg and Macphail, 2006; Fryirs et al.,
2007; Fryirs, 2013; Becker et al., 2020a). In addition, the internal
shift in channel patterns is observed in the Bakırçay plain
(Schneider et al., 2015; Becker et al., 2020b, 2022) and the
Büyük Menderes plain (western Turkey) (Özpolat et al., 2020),
which cannot be excluded for the location of the recent
Tekkedere fan. However, no direct evidence is available.

Phase 4 (after ca. 3.8 ka BP): alluvial fan dynamics and
changing human settlement pattern

During the ensuing Late Holocene, the geomorphodynamics in
the Tekkedere catchment generally increased and varied spatio-
temporally compared with the former phases. The increased geo-
morphodynamics are evident in the overall spatial enlargement of
the alluvial fan coverage, the recurring coarse-textured fan depos-
its, age inversions (Fig. 6), and the lack of older valley bottom
sediments. The alternating fine- and coarse-textured sediments
(facies Ba and Bb) with occasionally developed soils (facies sBa)
correspond to event layers and temporary landscape stability.

During the last phase, the alluvial fan sediments, particularly
the coarse-textured materials, were for the first time deposited
at the mid–toe part of the current alluvial fan (Fig. 6). This reveals
that more sediments were produced at the unstable land surface
and transported along the valley bottom. Radiocarbon dating
results of the alluvial fan sediments (facies B) show several age
inversions (Tek-5 and Tek-4-2; Fig. 6), reflecting the reworking
of older deposits stored in temporal sinks due to the intensified
sediment erosion in the catchment. This corresponds to the sedi-
ment cascade model (Lang and Hönscheidt, 1999), which has

been reported in other studies in the Mediterranean region
(Vita-Finzi, 1969; van Andel et al., 1990; Nykamp et al., 2021;
Cartelle et al., 2022).

A comparison of local, regional, and supraregional records
indicates that a general trend of aridization, rapid climate change
(RCC) events, and human activities were the major triggers for
the Late Holocene changing geomorphodynamics (Constante
et al., 2010; Dusar et al., 2011, 2012; Shumilovskikh et al., 2016;
Finné et al., 2019; Roberts et al., 2019a, 2019b; Becker et al.,
2020a; Fig. 7). In general, the Late Holocene hydroclimate
becomes drier than the Early–Mid-Holocene (Eastwood et al.,
2007; Finné et al., 2019; Bozyiğit et al., 2022). It shows various
fluctuations in different Mediterranean regions (Dusar et al.,
2011; Finné et al., 2019). Centennial-scale climate oscillations
between aridity and humidity during the Late Holocene have
been widely reported in Anatolia, where the Earth’s surface
responded to the rapid events accordingly both in coastal and hin-
terland areas (Kuzucuoğlu et al., 2011; Bulkan et al., 2018;
Bassukas et al., 2021; Bozyiğit et al., 2022). A study in central
Turkey indicates alternating humid (ca. 3.9–3.8, 3.65–3.55, 3.4–
3.4 ka) and dry (3.8–3.65, 3.5–3.4, 3.25–3.0 ka) episodes, followed
by an erosion crisis in 2.8–2 ka and a drying episode in the
Roman climatic optimum (ca. 2–1.5 ka) (Kuzucuoğlu et al.,
2011). In southwest Turkey, stable isotope analyses further suggest
wetter conditions during Classical and Early Byzantine times
(Eastwood et al., 2007). The climatic drying trend, amplified by
the RCC events in the wider eastern Mediterranean region, pre-
sumably triggered the repetition of the sediment dynamics in
the Tekkedere catchment.

Settlement activities in the Tekkedere valley continued from
the hilltop of the Kuyulu Kaya Tepe since the late Middle
Bronze Age (Michalski, 2021). The location of settlement sites
changed to flatter areas in the lower valley (Ludwig, 2020a;
Tozan, 2022; Figs. 2A and 7). Strategies for settlement occupation
and drivers of settlement abandonment (or the changing settle-
ment pattern) vary in different geographic locations and societies
throughout time and are hence controlled by environmental and
societal factors (Butzer, 2005, 2012; Boyer et al., 2006; McLeman,
2011). Environmental triggers encompass various types of natural
hazards such as RCC events, (flash) floods, earthquakes, land-
slides, volcanic eruptions, and the ensuing geomorphodynamics
(soil erosion and mass movements) (Black et al., 2011; Dusar
et al., 2011; Palmisano et al., 2021; Zhang et al., 2021; Kennett
et al., 2022). This last factor might be important in the
Tekkedere catchment.

The recurring cycles of increased geomorphodynamics during
the Late Holocene were presumably triggered by past settlement
locations around steep slopes in the mountainous part of the
Tekkedere catchment (Fig. 2A). These settlement areas are geo-
morphologically sensitive to climate change and intensified land
use. Hence, soil erosion and sediment dynamics may have
occurred rapidly in the most sensitive areas, in particular, during
the recent two millennia (Table 5). Conceivably, erosion on the
land surface further results in unfavorable areas for agricultural,
arboricultural, and settlement use. For this reason, a concomitant
change to a more suitable settlement location, for example, the
fertile and less landscape-sensitive Tekkedere valley bottom and
Bakırçay floodplain, is understandable. The nearest analogous
studies have been reported in Elaia (Pint et al., 2015; Seeliger
et al., 2019) and suggest the harbor was abandoned in the Late
Roman period due to progressive erosional processes and the
resultant siltation.
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In addition to soil erosion, earthquakes would also be an
important trigger for the shifting occupation of settlements in
the Tekkedere catchment. In the Pergamon micro-region, at
least nine earthquakes have been documented during the last
two millennia (Nalbant et al., 1998; Emre et al., 2005; McHugh
et al., 2006; Paradisopoulou et al., 2010; Schneider et al., 2014;
Seeliger et al., 2017). Of particular note, the abandonment of
the old Tekkedere settlement (Eski Tekkedere) and its relocation
to the modern village took place due to the earthquake-triggered
landslide in September–November 1939 (Paradisopoulou et al.,
2010; Çelik et al., 2019; Fig. 7, Table 5).

In addition to the geomorphodynamics, rapid cold and dry cli-
mate events or heavy and unstable rainfall have been reported to
cause settlement abandonment (Weiss, 2016; Bini et al., 2019).
Due to flood threat, rural settlements in the Pergamon micro-
region were built on elevated locations (Knitter, 2013; Schneider
et al., 2015). In general, these extreme natural hazards led to rel-
atively short-distance settlement relocation (Black et al., 2011),
which explains the settlement mobility in Tekkedere.

Notwithstanding potential natural triggers, sociocultural fac-
tors also influenced settlement dynamics in Tekkedere. In the
case of Kuyulu Kaya Tepe, political-administrative reasons in
the Late Hellenistic–Early Roman Period (third to second centu-
ries BC) probably led to the razing of the fortified rock plateau
(Table 5). The demilitarization also happened in the neighboring
hilltop settlements of Teuthrania and Eğrigöl Tepe (in the lower
Bakırçay plain) and Atarneus (the Geyikli river area in Fig. 1;
Schneider et al., 2014; Zimmermann et al., 2015; Williamson,
2016; Pirson, 2017; Ludwig, 2020a). The reasons for the final
abandonment of the Kuyulu Kaya Tepe settlement in Byzantine
times are obscure, and a combination of human impacts and
changing environmental conditions may have played a role. The
gradual settlement relocation towards the downstream of the
Tekkedere valley may have been influenced by the accessibility
of major traffic routes and agricultural areas (Table 5), although
other studies have attributed settlement abandonment and migra-
tion solely to human causes such as military strategies and socio-
cultural dynamics (Butzer, 2012; Schneider et al., 2014; Weiberg
et al., 2019) or at most societal and environmental factors in com-
bination (Black et al., 2011; Brown and Walsh, 2017).

Beyond Tekkedere, intensified sediment dynamics have been
indicated from several alluvial fans and colluvium in the western
lower Bakırçay plain since the Early Iron Age (Becker et al., 2020a;
Fig. 7). Since then, large settlements such as Pergamon, Elaia,
Teuthrania, Halisarna, and Atarneus gradually arose and the pop-
ulation increased (Pirson, 2008; Pirson and Zimmermann, 2014;
Zimmermann et al., 2015; Pavúk and Horejs, 2018; Feuser
et al., 2020; Fig. 7). Among them, the transformation of
Pergamon from the Hellenistic Period to the Roman Imperial
Period is of greatest significance (Pirson, 2020). To meet the
increasing demand for cultivated crops and wood as food and
construction materials (Kobes, 1999; Laabs and Knitter, 2021),
Pergamon had remarkable impact on land use in rural areas,
such as Tekkedere. Likewise, the ancient harbor cities (Elaia and
Kane) and the monumental tumulus encountered human reshap-
ing and construction of the land surface (Fediuk et al., 2019;
Seeliger et al., 2019; Mecking et al., 2020).

Increasing landscape instability after land abandonment due to
the concomitant absence of landscape management (cf. Schneider
et al., 2014; Weiberg et al., 2021) is negligible for Tekkedere valley,
because continuous human occupation is recorded here for
roughly the last four millennia. The same reason may also
apply to the difference in geomorphodynamics between the
Tekkedere and Geyikli valleys. The depositional system in
Geyikli is reported to have remained generally stable during the
last 4000 years (Schneider et al., 2014), which is presumably
related to the limited human impacts during ca. 2.3–1.9 ka BP
(Schneider et al., 2013).

Throughout western Anatolia, particularly during the Beyşehir
occupation phase (Classical and Early Byzantine times, ca. 3.2–1.3
ka BP; Kaniewski et al., 2007; Fig. 7), human impacts (forest clear-
ance, fire activities, and grazing) have had a remarkable influence
on the local landscape (Eastwood et al., 1998; Knipping et al.,
2007; Dusar et al., 2011; Finné et al., 2011; Schneider et al.,
2013; Stock et al., 2020). Likewise, continuous human activities
since the Bronze Age (ca. 3.7 ka BP) may have strongly disturbed
the landscape stability in Tekkedere and contributed to the ensu-
ing colluviation, valley infill, and alluvial fan deposition in the
western Yunt Dağı Mountains. The palynological archives from
Elaia (Shumilovskikh et al., 2016), the olive cultivation (Tozan,

Table 5. The summary of settlements and natural–social relationships in the Tekkedere valley.

Settlements Chronology Geomorphological position
Erosion

sensitivity
Hazards/

sediment dynamics

View, traffic,
agriculture
accessibility

Kuyulu Kaya
Tepe

Late Middle Bronze Age to
the end of the Early
Byzantine Period

Rock plateau and footslopes Medium Repeated high/low
dynamics

Likely a fortress

Two small
hilltop sites

Hellenistic Period to the
Roman Imperial Period

Top of small hills Medium-high Likely high dynamics Low

Yukarı Kışlak
(upper
settlement)

Late antiquity and likely
to the Byzantine Period

Across the upper valley of
creek B (valley bottom and
slopes)

Medium Likely from low to high
dynamics

Low

High

Aşağı Kışlak
(lower
settlement)

Unknown, likely between
the occupation of Yukarı
Kışlak and Eski Tekkedere

Northern slopes of the
middle valley

High Likely high dynamics

Eski Tekkedere
(old Tekkedere)

Before 1939 Northern slopes of the
middle valley

High Earthquake-triggered
landslide

Modern
Tekkedere

Since 1939 Northern slopes of the lower
valley

High Unknown
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2022) accompanied by deforestation, and the occurrence of
ceramic fragments in profile Tek-5 (Fig. 4) point to increased
human activities in the Tekkedere catchment, though the duration
and intensity of activities in different locations of the valley are
currently unclear (Ludwig, 2020a; Michalski, 2021; Tozan, 2022;
Fig. 7).

The infills of the Tekkedere valley bottom (facies A) date
younger than ca. 1300 yr BP, which again reveals the removal of
old materials by former increased geomorphodynamics was fol-
lowed by ongoing sediment accumulation and a corresponding
phase of increased erosion. The dynamics of fine- and coarse-
textured sediments (facies Aa and Ab) and the local initial soil
formation (facies sAa) in the Tekkedere valley bottom also suggest
the erosion and stability repeated and varied spatiotemporally in
the catchment during the last 1300 years. A similar process that
resulted in substantial siltation is reported in Elaia, which contin-
ued during ca. 1.8–1.1 ka (Seeliger et al., 2013, 2019; Shumilovskikh
et al., 2016). The onset of the modern trend toward aridity about
1300 years ago in southwest Turkey (Eastwood et al., 2007), the
transition to the Little Ice Age (Kuzucuoğlu et al., 2011), and the
various land use around the local settlements in Tekkedere
(Fig. 7) together have the potential to have influenced the geomor-
phodynamics during the last millennium.

CONCLUSIONS

The geoarchaeological investigation of the Tekkedere alluvial fan
and its catchment is the first detailed study that focuses on the
Mid- to Late Holocene geomorphodynamics through alluvial sed-
iments from a long-term settled valley in the hinterland of a
major ancient city in western Turkey, the city of Pergamon.
Sediment analyses, facies interpretation, and radiocarbon dating
results suggest four principal phases of changing geomorphody-
namics after 6.2 cal ka BP. In the first phase, before ca. 5–4 ka,
the aggradation of the Bakırçay plain, that is, the deposition of
still water sediments, channel beds, and floodplain sediments,
dominated local geomorphodynamics. This period is generally
characterized by rising sea level and the relatively humid
Middle Holocene climate in western Anatolia. Alluvial soils that
formed on the Bakırçay floodplain during phase 2 reflect a decline
of the Bakırçay floodplain aggradation and low sediment dynam-
ics in the Tekkedere catchment during a climatic phase of decreas-
ing humidity between ca. 5 and 4 ka. The deposition of alluvial
fan sediments from the Tekkedere valley was of low significance
before ca. 4 ka. In the transition from the Middle to Late
Holocene, the floodplain soils were buried by Tekkedere alluvial
fan deposits (phase 3), pointing to the notably intensified geo-
morphodynamics in the Tekkedere catchment in comparison to
the first two phases. This notable change is attributed to the
supraregional trend of aridization and RCC events between 5
and 3 ka, superimposed by the onset of local human activities
from the late Middle Bronze Age (ca. 3.7 ka) in the catchment.
In the last phase, the indications of the enlarged fan coverage,
the repetition of fine- and coarse-textured fan deposits, and the
reworking of older sediments suggested by age inversions and
young valley infills reveal increased geomorphodynamics during
the Late Holocene. This increase is associated with the varying
environmental conditions and natural hazards, soil erosion, and
earthquake-triggered landslides, which largely affected local geo-
morphodynamics and consequent settlement activities.

A clear relationship between the climate variations, the chang-
ing settlement patterns, and geomorphodynamics, especially

during the Late Holocene, remains unclear due to several age
inversions that make the timing of erosion events challenging.
Nonetheless, the evidence from Tekkedere suggests that the trans-
formation of large settlements (e.g., Pergamon and Elaia) from
the Hellenistic Period to the Roman Imperial Period contributed
to landscape change in rural areas, though the small catchment of
Tekkedere reacted more sensitively to human activities than the
higher-order catchment of the Bakırçay River. The ongoing pres-
sure from local land use promotes the accumulation of the rela-
tively young valley infills.
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