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attention with their fast erosion rates, susceptibility to land degradation, high carbon
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the existence of badland landscapes in Turkey by utilizing a comprehensive holistic
approach; their spatial distribution and territorialization, weathering dynamics, and
topographic imprints.
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BADLAND SYSTEMS IN TURKEY: A HOLISTIC APPROACH TO
UNDERSTAND THE FORMATION, CONTROLLING FACTORS AND
GEOMORPHOLOGIC CHARACTERISTICS

SUMMARY

Badlands are extremely rugged, outstanding landscapes that can be seen in all ice-free
climate regions over erosion-susceptible unconsolidated materials, and they have
drawn attention with their spectacular and iconic. The distribution of badlands is
primarily influenced by the occurrence of loose and unconsolidated rocks (such as
marl, sandstone, mudstone, etc.). These lithological units, in conjunction with various
environmental elements such as climate, tectonics, vegetation, and topography,
collectively shape the appearance and dynamics of badland landscapes. Since badlands
have the largest sediment flux and erosion rates, they are considered to be erosional
hot spots. However, the morphological characteristics, origins, regional
characteristics, and development processes of these badlands are not well known.

Unlike nearly all badland studies conducted at the experimental site and watershed
scale, the broader-scale evaluation has been neglected in the analysis of badland
distribution, characteristics, and dynamics. The first part of the thesis provides an
integrative new insight into badland landscapes by investigating the distribution,
characteristics, and controlling factors of Turkish badlands on a broad, regional scale.
Turkish badlands were inventoried using aerial imagery and studied their distribution
using K-means clustering, an unsupervised machine learning algorithm, based on a set
of major conditional geo-environmental factors that control the regional distribution
and characteristics of badlands, including tectonics, lithology, topography, climate,
and vegetation. Here, a total of 4494 km? of badland areas were identified which are
non-uniformly distributed across Turkey, substantially clustered in the Central
Anatolian Plateau (CAP). According to regional analyses, a total of five badland
regions have been determined comprising three major types classified as Semi-arid,
Mediterranean, and Montane (humid), together with two transitional types in-between
the Semi-arid and Montane badland regions. The results indicate that temperature
seasonality, mean annual precipitation, and precipitation seasonality are
predominantly assigned to the badlands clusters. The clastic rocks are revealed as the
most crucial and inevitable factor for the development of Turkish badlands, which are
represented in a wide geologic time-scale (Cretaceous to Quaternary) and diverse
lithological units (i.e., lacustrine, volcaniclastics, and terrestrial). Neogene and
Paleogene terrestrial clastics (77 %) constitute the majority of the lithologic settings
of these badland landscapes. The active and complex tectonic history of Turkey has
portrayed the fundamental frame of the identified badland regions, by providing a
susceptible environment (i.e., development of sedimentary basins) and promoting
badland development through successive base-level changes. Furthermore,
tectonically-modulated (i.e., formation of orogenic belts, and uplifting of CAP)
climate dynamics outline the distribution pattern and differentiation of the regional
characteristics of badlands in Turkey. Overall, the regional-scale approach to badland
mapping and regional synthesis may decipher not only the tectonic and climatic
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conditions of the identified badlands regions but may also contribute to the
implementation of future effective strategies for the detection and mapping of erosion-
susceptible and high sediment flux areas in very broad spatial contexts of similar
unexplored territories.

An ever-present intricate association between weathering and erosional processes is
largely controlled by climate disparities. Weathering as a predisposing process for
natural hazards, landform evolution, and sediment mobility hosts key uncertainties in
our understanding of how climate controls differential weathering types and rates.
Here, the second part of thesis shows an approach to test the hypothesis controlling of
weathering trends with the influence of seasonal characteristics of precipitation and
temperature, which has been not well understood in badland landscapes, yet. Previous
studies have adopted a rainfall simulation approach either in the field or laboratory,
which is essential but is also limiting in that only steady climate conditions can be
monitored in understanding weathering dynamics. In this context, by taking advantage
of the laboratory environment to accomplish the aim of this part, the climate settings
were simulated by exposing samples collected from four different climates and
sedimentary environments previously defined as characteristic badland landscapes in
Turkey to the seasonal precipitation and temperature conditions in twelve sequential
seasons mirroring 3-years in order to understand the weathering rebounds. The pH,
electrical conductivity (EC), ion, and surficial changes have been used as chemical and
physical proxies, respectively, in referring to certain types and trends of weathering.
Based on the incontrovertible influence of sediment physicochemical properties
(especially high SAR values) on weathering processes, the findings reveal that
sinusoidal trends attaining their peak level in spring in Na*, which overcomes other
ions, contribute to an accelerated dispersion degree with concurrently decreasing pH
in marly sediments in the arid region. Additionally, the recurrent increase pattern of
Ca?*, particularly in winter seasons, can enhance the extent of sediment aggregations
in Mediterranean sandy mudstones. In conclusion, consistent with previous studies,
wetting—drying cycles are crucial in physical weathering and regolith behavior, which
resulted in cyclic deep crust formations in the spring and summer seasons due to the
higher swelling capacity of samples. Overall, this study demonstrates how seasonal
changes in climate regulate the degree of chemical and physical weathering processes
in badland landscapes.

The combination of bedrock weathering, climate seasonality, and the controversial
contributions of hillslope and river erosion processes, as part of the earth's dynamic
systems, is what primarily develop badland environments. Although modern
definitions make it clear that gully channels dominated by overland flow, mass
movements dominated by gravitational processes, and piping driven by subsurface
processes are all necessary for badland initiation, the questions remain to be tackled
regarding their topographic position in the landscape. The third and last part of thesis
focused on this problem by comparing Turkish badlands and globally known badland
sites in order to understand the geomorphometric and topographic imprints of
badlands. As a result, the topographic character of badlands at the sub-catchment scale
may provide an adequate example of a transitional domain from a diffusive erosional
process to a fluvial erosion process.
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TURKIYE’DEKI KIRGIBAYIR SISTEMLERi: OLUSUMLARINI,
KONTROL EDEN FAKTORLERINI VE JEOMORFOLOJIK
KARAKTERLERINI ANLAMAK UZERINE BUTUNSEL BiR YAKLASIM

OZET

Kirgibayirlar, kutup iklim bélgeleri disinda erozyona duyarli peklesmemis anakayalar
tizerinde goriilebilen son derece engebeli, olaganiistii yeryiizii sekilleridir. Dikkat
cekici ve sira dig1 goriiniisleri ile ikonik bir arazi meydana getirmektedirler. Kirgibayir
arazilerinin dagiliminda 6ncelikle gevsek ve peklesmemis kayaglarin (marn, kumtas,
camurtagi vb.) varligi Onemli rol oynamaktadir. Bu litolojik birimler, iklim,
tektonizma, bitki ortlisii ve topografya gibi ¢esitli ¢evresel unsurlarla birlikte,
kirgibayir arazilerinin goriiniimiinii ve dinamiklerini toplu olarak sekillendirmektedir.
Kirgibayirlar, sahip olduklar1 yliksek sediman akisi ve erozyon hizlarindan dolayi,
literatlirde erozyonel sicak noktalar olarak kabul edilir. Bu o6zelliklerine karsin,
kirgibayir arazilerinin morfolojik 6zellikleri, kokenleri, bolgesel 6zellikleri ve gelisim
strecleri iyi bilinmemektedir.

Neredeyse timi deneysel alan ve havza Ol¢eginde yiiriitillen kirgibayir arazileri
Uzerine olan c¢alismalarda, kirgibayirlarin mekansal dagilimi, 6zellikleri ve
dinamiklerinin analizinde bdlgesel 6l¢ekli degerlendirme ihmal edilmistir. Bu yizden
tezin ilk boluma, Turkiye'deki kirgibayir arazilerin mekansal dagilimini, 6zelliklerini
ve bu dagilimi kontrol eden faktorleri genis ve bolgesel 6l¢ekte arastirarak kirgibayir
arazilerine butinsel yeni bir bakis agis1 sunmaktadir. Bu kapsamda Turkiye'deki
kirgibayirlarin, hava fotograflar1 kullanilarak mekansal envanteri ¢ikarilmis ve
tektonizma, litoloji, topografya, iklim ve bitki ortlsu gibi kirgibayirlarin bélgesel
dagilimmi ve Ozelliklerini kontrol eden bir dizi jeo-cevresel faktor temelinde,
g6zetimsiz (ing: unsupervised) bir makine 6grenimi algoritmasi olan K-ortalamalar
kiimeleme yontemi kullanilarak mekansal dagilim desenleri incelenmistir. Burada,
Tirkiye genelinde esit olmayan bir sekilde dagilmis ve biiyiik 6lgiide Orta Anadolu
Platosu'nda (OTP) kiimelenmis toplam 4494 km? kirgibayr arazisi tespit edilmistir.
Bolgesel analizlere gore, Yari-kurak, Akdeniz ve Daglik (nemli) olarak siniflandirilan
i¢ ana tip ile Yari-kurak ve Daglik Kirgibayir bolgeleri arasinda iki gegis tipinden
olusan toplam bes adet kirgibayr bolgesi belirlenmistir. Sonuglar, sicaklik
mevsimselliginin, ortalama yillikk yagisin ve yagis mevsimselliginin kirgibayir
arazilerinin bolgelerin  belirlenmesinde daha fazla katkiya sahip olduklarini
gOstermektedir. Tirkiye’deki kirgibayirlarin gelisimi igin en 6nemli ve kaginilmaz
faktor olarak, genis bir jeolojik zaman 6l¢eginde (Kretase'den Kuvaterner'e) ve ¢esitli
litolojik birimlerde (gdlsel, volkaniklastikler ve karasal kirintililar) temsil edilen
kirmtili ¢okel kayaglar ortaya ¢ikmaktadir. Neojen ve Paleojen karasal kirmtili
cokelleri (%77) kirgibayr arazilerinde en yaygm litolojik birimleri olusturmaktadir.
Tiirkiye'nin aktif ve karmagik tektonik ge¢misi, kirgibayir arazilerinin gelisiminde,
birbirini izleyen taban seviyesi degisiklikleri ile kirgibayir arazilerinin gelisimi igin
duyarli bir ortam saglayarak (kirintili ¢okel kayaglarin depolanmasi), tanimlanan
kirgibayir bolgelerinin temel c¢ergevesini ¢izmistir. Ayrica, tektonik olarak
diizenlenmis (orojenik kusaklarin olusumu ve Anadolu platosunun yikselmesi) iklim
dinamikleri, Turkiye'deki kirgibayir arazilerin bdlgesel 6zelliklerinin  dagilim
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desenlerini ve farklilagsmasini ana hatlariyla belirlemektedir. Genel olarak, kirgibayir
arazilerinin haritalanmasi1 ve bolgesel sentezine yonelik bolgesel olgekli yaklagim,
yalnizca belirlenen kirgibayir bolgelerinin tektonik ve iklimsel kosullarini desifre
etmekle kalmayip, ayni zamanda benzer tespit edilmemis bdlgelerin ¢ok genis
mekansal baglamlarinda erozyona duyarl ve yiiksek sediman akigli alanlarin tespiti ve
haritalanmasi i¢in gelecekte etkili stratejilerin uygulanmasina da katkida bulunabilir.
Ayrigma ve erozyonel siiregler arasinda her zaman var olan karmasik bir iliski, biliytik
Olctide iklim farkliliklar1 tarafindan kontrol edilmektedir. Dogal tehlikelere, yeryiizii
sekillerinin evrimine ve sediman akisina zemin hazirlayan bir siireg¢ olarak ayrigsma,
iklimin farkli ayrigma tiirlerini ve hizlarini nasil kontrol ettigine dair anlayisimizda
onemli belirsizlikler barmndirmaktadir. Burada, tezin ikinci boliimiinde, kirgibayir
arazilerinde heniiz iyi anlagilmamis olan yagis ve sicakligmn mevsimsel 6zelliklerinin
ayrisma hizlarint kontrolii tizerine hipotezi test etmek admna bir yaklasim
goOsterilmektir. Daha Onceki ¢alismalarda ya arazide ya da laboratuvarda yagis
simiilasyonu yaklagimi benimsenmistir, fakat bu yaklasim, ayrisma dinamiklerinin
anlagilmasinda 6nemli olmakla birlikte, yalnizca sabit iklim kosullarmin izlenebilmesi
acisindan da sinrrlayicidir. Bu baglamda, bu boliimiin amacma ulasmak ig¢in
laboratuvar ortamindan yararlanilarak, ayrisma streglerinin bu hipoteze tepkisini
anlamak icin Turkiye'de daha dnce kirgibayir 6zellikleri bakimindan tanimlanan dort
farkli iklim ve sedimanter ortamdan toplanan 6rnekler, 3 yili yansitan on iki ardisik
dongide yagis ve sicaklik kosullarina maruz birakilarak, iklimin sicaklik ve yagis
parameterleri simiile edilmistir. pH, elektriksel iletkenlik (EC), iyon ve ylzeysel
degisiklikler, belirli ayrigsma tiirlerine ve egilimlerine atifta bulunmak i¢in sirasiyla
kKimyasal ve fiziksel ayrisma goOstergeleri olarak kullanilmistir.  Sediman
fizikokimyasal ozelliklerinin (6zellikle yiiksek SAR degerleri) ayrisma siiregleri
tizerindeki yadsinamaz etkisine dayanarak, bulgular, diger iyonlarin 6niine gecen Na*
katyonunun ilkbaharda en yiiksek seviyeye ulasan dongisel egilimlerin, kurak
bolgedeki marnli sedimanlarda eszamanli olarak azalan pH ile hizlandirilmis bir
dagilma (ing: dispersivity) derecesine katkida bulundugunu ortaya koymaktadir. Buna
ek olarak, dzellikle kis mevsimlerinde tekrarlayan Ca?* artis deseni, Akdeniz kumlu
camurtaslarinda sediman agregasyon hizmin artismi isaret edebilir. Sonug olarak,
onceki caligmalarla tutarli olarak, i1slanma-kuruma dongiileri fiziksel ayrigma ve
regolit davranisinda ¢ok 6nemlidir ve bu da 6rneklerin daha yiiksek sisme kapasitesi
nedeniyle ilkbahar ve yaz mevsimlerinde dongiisel derin kabuk olusumlariyla
sonuclanmistir. Genel olarak bu calisma, iklimdeki mevsimsel degisikliklerin
kirgibayir arazilerindeki kimyasal ve fiziksel ayrisma siireglerinin hizini nasil kontrol
ettigini gostermektedir.

Ana kayanin ayrigmasi, iklimin mevsimselligi ve diinyanin dinamik sistemlerinin bir
pargasi olarak yamag ve flivyal erozyon siireglerinin tartigmali katkilarinin birlesimi,
oncelikle kirgibayir arazilerini gelistiren olgudur. Her ne kadar c¢agdas tanimlar
kirgibayir olusumunun yizeysel akisin hakim oldugu oluk erozyonu (gully), yercekimi
slireclerinin hakim oldugu kiitle hareketlerinin ve yeralt1 siire¢lerinin yonlendirdigi
borulama erozyonunun bir fonksiyonu oldugunu agik¢ca ortaya koysa da,
kirgibayirlarin topografik konumlarmna iligkin temel ilgili sorular hala ele alinmay1
beklemektedir. Tezin Gglincu ve son bolumi, kirgibayir arazilerin jeomorfometrik ve
topografik izlerini anlamak i¢in Tiirkiye'deki ve diinyaca bilinen kirgibayir arazilerini
karsilastirarak bu soruna odaklanmistir. Sonug olarak, alt havza 6lgegindeki kirgibayir
arazilerin topografik karakteri olarak, yama¢ asindirma siirecinden fliivyal agindirma
slirecine gecis alani i¢in uygun bir drnek saglayabilecegi tespit edilmistir.
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1. INTRODUCTION

Badlands can be defined as extensively eroded areas (e.g., intensive gully networks)
with sparse vegetation, characterized by rugged terrain featuring sharp-edged,
rounded, and domed ridges (i.e., biancana) on soft bedrock and unconsolidated
sediments. The term "Badlands" is derived from the 18"-century French term
"mauvaises terres pour traverser," which was used by early explorers in North Dakota
to characterize harsh and barren environments (Fairbridge, 1968; Moreno-de las Heras
& Gallart, 2018). Badlands are present in all continents, excluding Antarctica, and play
a critical role in establishing local erosion and sedimentation rates through gullies and
rills, rendering them unsuitable for agricultural purposes. Even though badlands often
only constitute a small portion of the overall terrain and only appear as scattered
patches, they are significant regional sources of sediment generation because of their
severe soil erosion (Higuchi et al., 2013; Yang et al., 2021). Their development and
production are intricately associated with the existence of unconsolidated materials,
tectonic activity, seasonal climate fluctuations, and anthropogenic activities changing

over time.

Moreno-de las Heras and Gallart (2018) proposed that the formation, stability, and
rejuvenation of badlands are influenced by the convergence of four factors related to
terrain stability: relief vigor, weathering and erosion-prone soft lithology, erosive
climate, and environmental conditions or disturbances that limit vegetation growth.
Topographic gradients, dynamic base-level conditions, sensitivity to bedrock
weathering, and soil erosion are all facilitated by the underlying tectonics and lithology
at regional and local scales. Climate conditions and anthropogenic activities (i.e.,
deforestation) further contribute to denudation instability in these landscapes by
influencing the balance between vegetation growth potential and erosive processes.
Badlands can originate as primary landforms in arid and semi-arid, erosive climates
acting on susceptible lithologies, such as marine-derived, unconsolidated river
sediments, marl, and mudrock with dispersive characteristics prone to subsurface

erosion. They may also form in humid mountainous environments as secondary



erosive landforms, initiated by landslide scars resulting from extreme flood events or
as active gully systems triggered by land use changes and human interventions
(Moreno-de las Heras & Gallart, 2018; Torri et al., 2018).

Even though badlands are present throughout the world, with the exception of the polar
regions, only a small portion of them have been documented or investigated until now.
The majority part of the studies originates from the Mediterranean basin, especially
Spain and Italy (Figure 1.1; Martinez-Murillo & Nadal-Romero, 2018). The primary
emphasizes have been placed on the role of lithology (Moreno-de las Heras & Gallart,
2016a; Piccarreta et al., 2006) and weathering processes on badland dynamics
(Faulkner, 2013; Kasanin-Grubin, 2013; Vergari et al., 2013), runoff generation
(Arnau-Rosalén et al., 2008; Canton et al., 2002), vegetation (Alexander & Calvo,
1990; Nadal-Romero et al., 2014) and erosion rate (Reguiés & Gallart, 2004) in these
badlands landscapes.

(.

Badland study site locations.
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Figure 1. 1: The global badland distribution (Martinez-Murillo and Nadal-Romero,
2018)

On the other hand, in contrast to these well-documented sites, we have little knowledge
of unreported badland landscapes that exist in other climatic and tectonic
environments, such as the arid and semi-arid margins of the Tibetan Plateau in Asia,
the Puna Altiplano Plateau in South America and the Central Anatolian Plateau,
Turkey which are located in the prevailing Asian monsoon and continental climates,

and tectonically active regions, respectively. These understudied places usually



generate landscapes in which badlands are arranged as spatially continuous, enormous
landforms rather than sporadically distributed, limited and constrained forms
(Avcioglu et al., 2022) and it is necessary to comprehend their geomorphic, erosional,
and weathering dynamics.

The type and rate of differential weathering processes that result in unique badland
morphologies in varied sedimentary and climatic contexts has received special
attention. Faulkner et al., (2000) established the concept of "site signatures,” which
refer to the relationship between electrical conductivity (EC) and sodium absorption
ratio (SAR), the pH-SAR ratio, and the grain size-SAR association. These indicators
attempt to understand the underlying mechanisms by which the parent rock's grain
size, geochemistry, and mineralogical properties determine the interesting limits
between erodibility and weathering. Furthermore, previous studies have shown that
the presence and proportion of clay and silt grains are critical factors of badland
material, as sediments composed of silt-clay size particles are highly susceptible to
weathering, dispersion, piping, and mass movements, resulting in different badland
morphologies (Battaglia et al., 2003; Pulice et al., 2012; Vergari et al., 2013). While
the role of clay mineralogy in erodibility of sediments has received limited attention
(Grabowski et al., 2011), various studies on badlands have demonstrated that certain
types of parent materials, such as sediments rich in swelling clays like smectite, exhibit
greater susceptibility to erosion compared to sediments containing non-swelling clay
minerals like kaolinite and illite (Kasanin-Grubin, 2013; Pardini et al., 1996; Regués
et al., 1995). Additionally, the impact of the climate on weathering have been pointed
by utilizing laboratory and field experiments (Canton et al., 2001; Kasanin-Grubin,
2013; Kasanin-Grubin & Bryan, 2007; Nadal-Romero et al., 2007; Pardini et al., 1996;
Reglés & Gallart, 2004; Xie et al., 2022; Yan et al., 2022). This influence has been
highlighted by temporal observations which simulate climate conditions. High drying
temperatures, according to Xie et al. (2022), greatly promote mechanical disintegration
in humid badlands. Kasanin-Grubin (2013) emphasized the importance of rainfall
intensity, duration, and drying periods in weathering rate, with following dry and wet
periods contributing to the creation of desiccation fractures and rills associated with

key mineral types (i.e., smectite and kaolinite).

Over the last four decades, badlands literature has built a consensus on the main types

of badlands forms; sharp-edged (i.e., calanchi in Italian), rounded-edged, and



biancane. Even though these landforms suffer from quantitative explanation, the
climate-based badland classifications including arid, semi-arid and humid landscapes
identify their differences considering their relative age, origin, vegetation,
precipitation in Mediterranean basin (Gallart et al., 2002a). The arid badlands
generally are characterized by oldest, lowest erosion and more rounded slopes than
others. The semi-arid badlands are idenfied as sharp-edged slopes, high drainage
density, patchy herbaceous cover, and combination of human activities and natural
processes as trigger factors, while the formation humid badlands are highly
interconnected with human intervention (i.e., deforestration, over-grazing etc.) and

landslides in the range of Mediterranean mountains.



2. PROBLEM STATEMENTS AND OBJECTIVES

Present morphologies and ongoing processes in badlands reveal unearthed crucial
pieces of evidence in deciphering the tectonic and climatic evolution of a region.
Moreover, knowing the spatial distribution of such intense erosional landforms also
contributes to understanding sediment dynamics, carbon fluxes, and interrelated geo-
environmental problems like soil loss, reservoir siltation and water quality decrease.
Due to their extensive contribution to land degradation and their uncertain responses
to driving factors in the present global change context (Nadal- Romero et al., 2021),
we need to extend our limited knowledge of badlands distribution over different
climatic, tectonic, and anthropo- genic environments. The less-known cognatic section
of the Mediterranean basin in terms of badlands, Turkey, offers a natural laboratory to
assess the interrelated conditions leading to badlands formation through diverse

climatic, tectonic, topographic, and lithological variations.

This thesis seeks to bring a comprehensive large-scale approach by providing a
regional assessment on the country scale that explores their broad spatial organization
by mapping their diagnostic morphological features and analysing geochemical and

geomorphometric properties. In this sense, the essential objectives of this thesis are:

(1) Understanding of regional distribution and characteristics of major badland
landscapes in Turkey.

The majority of the research has been conducted on watershed or plot scale
assessments to understand the dynamics of surface and weathering processes by
considering their local climate, tectonic, and vegetation in badland landscapes.
However, there is a lack of regional evaluations of these landscapes to a broader extent
in the literature. In order to fill this gap, the first aim of this thesis focuses on the
determination of the spatial distribution of badlands in Turkey and to synthesize the
distribution characteristics of these badland landscapes, taking into account a set of
geo-environmental conditioning factors that mainly hinge on regional differences of

tectonic and lithology, climate, local topography, and vegetation characteristics.



(2) How does climate seasonality influence weathering processes in badland

landscapes?

The hypothesis that the formation of badlands is strongly linked to seasonal climatic
factors has been proposed since the milestone study by Bryan and Yair (1982).
However, despite previous laboratory and plot-scale experiments conducted in
generally stable climatic conditions, this assumption has not been thoroughly
evaluated. Conducting experiments through cycles and observing corresponding
variations in geochemical indicators can give support to this overarching hypothesis,
and obtained fluctuations in geochemical indicators as a response to simulated wetting
and drying conditions may serve as effective proxies for investigating certain types
and trends of weathering processes. Thus, the main aim of this part is to explore the
key physical and chemical disintegration responses of a variety of badland materials,
including unconsolidated sediments (i.e., marl, sandstone) and pyroclastic rocks (i.e.,
tuffs), in response to seasonal changes in temperature and precipitation. Accordingly,
the primary hypothesis of this study is that, depending on the physicochemical
properties of parent rocks, seasonal fluctuations in precipitation and temperature

regulate the trends of weathering processes (i.e., deflocculation and flocculation).
(3) Determination of topographic positions of badlands.

Even though there are a few classification attempts on badland landscapes regarding
their climate, vegetation (Gallart et al., 2002), and morphological differences and
evolution (Buccolini & Coco, 2013), identification and quantitative explanation of
their morphological distinctions, minimum extents, and topographical position
remained extensively unclear. Thus, this part of the thesis aims to reveal the process
domains (i.e., gravitational or fluvial processes dominated areas) of selected Turkish
badland sites — Tosya and Burdur - with the previously known badland areas; Utah and
South Dakota, USA; Murcia and Saldes, Spain; Lombardy and Basilicata, Italy; SW
Taiwan. A deeper understanding of the geomorphometric characteristics of the Turkish
badlands will be attained by comparing them with various climatic, tectonic, and
lithologic contexts thanks to the advantages of the high-resolution digital terrain

models (5m) at each site.



3. STUDY AREA

The spatial coverage of this thesis is the country border of Turkey. However, the
geomorphometric findings on Turkish badlands (i.e., Burdur and Tosya) are compared
with globally recognized sites that exhibit similar badland landforms (Figure 3.1A):
Caineville and South Dakota, USA; Murcia and Saldes, Spain; Lombardy and
Basilicata, Italy, and Taiwan. These areas have been selected mainly by taking into
account different climate and lithological properties within the same country (Figure
3.2). The following section summarizes the general tectonic, geologic, and climatic

properties of the first-order physiographic provinces of Turkey.

3.1 General Characteristics of The Study Area

The topography of the Anatolian Peninsula is mainly a result of long-term complex
plate tectonic processes. The Horst and Grabens in Western Anatolia, Central and East
Anatolian plateaus, the Pontides and Taurides mountain ranges, and troughs of the
North and East Anatolian Fault zones are first-order physiographical provinces (Figure
3.1B). The main driving forces that define the outlines of physiographical regions are
continental collision in the east and subduction in the west. The Arabian Plate has been
colliding with the Eurasian Plate since the Late Eocene/ Oligocene in the east. The
collision-related uplift phase started at ca. 10-12 Ma (Okay & Tuystiz, 1999; Bartol &
Govers, 2014). The two most important elements of these macro physiographic regions
are the Central and East Anatolian plateaus. The margins of these two highly elevated,
low-relief major forms are constrained by the Taurides and Pontides orogenic belts

with a pronounced topographic relief.
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Figure 3. 1: The study sites and badland distribution. A) The location of different
badland sites from different countries, B) the purple polygons show major badland
distribution in Turkey and white shaded areas point to the sampling sites for
geochemical analyses. Black lines show active fault lines (Emre et al., 2013), and
dashed white lines delimit the boundary of the Central Anatolian Plateau (CAP).
EAP, East Anatolian Plateau; NAF, North Anatolian Fault; EAF, East Anatolian
Fault; WAHG, Western Anatolian Horst-Graben System.

Central Anatolia is an orogenic plateau with a high altitude (>900 m.a.s.l.) and low

relief (>250 m) topography. The plateau interior has undergone extension with
localized strike-slip faulting since the Late Miocene-Pliocene (Geng¢ and Yriir, 2010;
Ozsayin et al., 2013). The alternating gypsiferous claystone, mudstone, marls, reddish
mudstone, fine-grained sandstone, and conglomerates were deposited in the alluvial

fans, shallow-lake, and playa lake environment during the late Miocene.



Caineville, Bsk South Dakota, Dfa Murcia, Bsk

p”
[87%]
sssh__

[57.3%]
Wsmmx__
[29.8%]

I scssmt
[12.9%]
scmx

[98.3%]
mmssSmX__

[17%]

1.7%
[1.7%] sush__

sumx__

Saldes, Cfb - Lombardy, Cfa Basilicata, Csa

[39.3%)
EEsCSS_

1 [14.2%)]

[87.2%]
pssmx__
6.6%]
SSMX__
[6.2%]
scpu

[93.3%)]
B semXx__

[6.7%]
[9.8%] sumx__

supu

Burdur, Csa Tosya, Cfa Taiwan, Am
[47.6%] %
[79.46%)] mpb_mt \\ [E4:5%]
ssSmX__
B ssmx__ [46.7%)]
7% mt___
1% 5 J 15.5%
smmx__ [@1%]  Js [ssm):!:l

ssmx__//

Figure 3. 2: The lithologic and climatic properties of the study sites from Turkey and
other countries. The lithology groups are according to Hartmann and Moosdorf,
(2012) as follows: sush__; Unconsolidated sediments - Fine grained, sssh__;
Siliciclastic sedimentary rocks - Fine grained, scmx__; Carbonate sedimentary rocks
- Mixed grain size, scssmt; Carbonate sedimentary rocks - Coarse grained -
Metamorphic influence mentioned, smmx__; Mixed sedimentary rocks - Mixed grain
size, scpu__; Siliciclastic sedimentary rocks - (Pure) carbonate, supu;
Unconsolidated sediments - (Pure) carbonate, sumx; Unconsolidated sediments -
Mixed grain size, scss; Carbonate sedimentary rocks - Coarse grained, ssmx__;
Siliciclastic sedimentary rocks - Mixed grain size, mt____; Metamorphics, pb__mt;
Basic plutonic rocks - Metamorphic influence mentioned, ssmxcl; Siliciclastic
sedimentary rocks - Mixed grain - Fossil plant organic material mentioned. Climate
groups are according to Peel et al. (2007) as follow: Cfb; Temperate oceanic climate
or subtropical highland climate, Bsk; Cold semi-arid climate, Dfa; Humid continental
climate, Csa; Temperate, dry summer, hot summer, Cfb; Temperate, no dry season,
hot summer, Am; Tropical monsoon.

The sharp-edged composed of very steep (>40 degrees) and shorter slopes, rounded-
edged, piping, and calanchi mammellonari were formed west of Ankara due to
differential weathering and erosional limits of parent material in arid badlands (Figure
3.3; Al to A4). Although there are fault-controlled mountain fronts (e.g., Tuz Golu
Fault, Central Anatolian Fault) and individual stratovolcanoes, the relief is very subtle.
Evaporites and ignimbrites (Capadoccia Region) are typical basin infills in Central
Anatolia where Cappadocia samples have been collected in north of the Nigde (Figure
3.3; Cland C2).



Ari

Mediterranean

Cappadocia

o R . Y i SR R i it s it o e e o8 O

B T T T A e I T I T

Humid

b

Figure 3. 3: The badland photos of different badlands sites from Turkey where
samples have been collected for geochemical analyses

The Anatolian Microplate escapes west along the dextral North Anatolian Fault, and
sinistral East Anatolian Fault zones accommodate this motion between collision and
subduction. The space-based geodetic rate of this motion is 25 mm yr? and 11 mm yr-
! in the north and east, respectively (Reilinger et al., 2006). Mountains surrounded by
grabens or pull-apart basins characterize the topography of the western Anatolia
province between the Marmara, Aegean, and Mediterranean seas. Terrestrial basin
infills (e.g., Gediz Graben, Blyik Menderes Graben) and crystalline bedrocks (e.qg.,
Menderes Massif) constitute the geology of Western Anatolia. Existing badlands in
this area (Figure 3.3; M1 to M3) are distributed in Miocene and Quaternary
unconsolidated sandstones (Maddy et al., 2005; Sen et al., 2014). The sharp and
rounded-edged divides and piping are the main landforms of Mediterranean badland
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(east of the Izmir) and shrubs -mostly maquis- are the dominant vegetation cover in

this area.

The East Anatolian Plateau (EAP) has high topography. The mean elevation of EAP
is ~ 1.5 km higher than that of the Central Anatolian Plateau (CAP). The geology of
Eastern Anatolia comprises mainly calc-alkaline and alkaline volcanism, indicating
fundamental changes in the mantle lithosphere or upper mantle (Keskin, 2007). In
Eastern Anatolia, the presence of N-S contraction resulted in the formation of several
E-W oriented ramp basins delimited by reverse faults. The uplift rate of Eastern
Anatolia is 0.15-0.2 mm yr~! since the onset of the regional uplift ca. 12-10 Ma
(McNab et al., 2018). A typical flysch succession consisting of alternation
conglomerates, sandstones, siltstones, and limestones (Agostini et al., 2019; Herece
and Acar, 2016) constitute the parent material of the badland distribution which is
represented by deeply-incised gully channels nearby Tunceli province where samples

have been collected to represent mountainous humid areas (Figure 3.3; H1 and H2).

The Eastern Taurides (a fold and thrust belt between the Arabian Platform and EAP)
and the Central Taurides define the southern margin of the Central Anatolian Plateau.
Multiple oceanic and continental units deformed during the Late Cretaceous-Eocene
time made up the basement of the Taurides. Up to 7 Ma old marine deposits at 2 km
high above sea level indicate rapid surface uplift of the Taurides since the Late
Miocene (Schildgen et al., 2014).

The Pontides delimit the northern margin of the Central Anatolian Plateau. The
erosional character of the landscape and absence of notable Neogene units constraint
quantify to long-term (Ma) uplift rate of the Pontides. The age of the youngest marine
sediments is estimated at Early to Middle Miocene at 1040 m elevation (Tunoglu,
1991), indicating a 1 km uplift since that time. The most remarkable large restraining
bend of the North Anatolian Fault zone (NAFZ) gives rise to the accumulation of
strain in a broad region from the north of the plateau to the Black Sea (Yildirim et al.,
2011). This strain gives rise to accelerate regional uplift from 0.05 mm yr~! in the
interior of the plateau (Ciner et al., 2015) to 1.0 — 0.45 mm yr ! at the central strand
and the eastern flank of the NAFZ (Hubert-Ferrari et al., 2021; McClain et al., 2021).

Turkey’s macroclimate is identified as the Mediterranean climate with hot/dry

summers and wet/cold winters, although there are many sub-climatic regions (Figure
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3B; Tiirkes, 1996; Peel et al., 2007). As an explicit consequence of the Mediterranean
climate conditions, natural vegetation in western Turkey is dominated by maquis and
pinus brutias, mainly in the northern face of the badland areas. The Central Anatolian
orogenic plateau has complex climatic characteristics due to the influence of the
orography on precipitation, seasonal tracks, and the frequency of mid-latitude
cyclones. This influence can be distinguished in the plateau margins by creating a
gradient in climatic variations between the seafront and the inner section of the plateau.
During winter, mid-latitude and Mediterranean cyclones associated with Atlantic-
originated (the Icelandic Low) polar air masses reach the Mediterranean, bringing
abundant rainfall to orographic barriers in the region, such as the Pontides, Taurides,
and the Western Anatolian horst-graben systems (WAHG) (Karaca et al., 2000; Tatli
et al., 2004; Sen et al., 2019). On the other hand, summer warm air masses related to
the Azores High and the monsoon low extensively prevail over Anatolia, which causes
summer dryness as a common characteristic feature of the Mediterranean climate in
the territory, except in the North and Northeastern Anatolia (Tatli et al., 2004; Saris et
al., 2010; Akbas, 2014; Sen et al., 2019). The complex association between topography
and climate favors low water-demand vegetation development (e.g., steppes, dry
forest, anthropogenic steppe), especially in the Central Anatolian Plateau. On the other
hand, the high average elevation (>1.5 km) in the eastern part of Turkey provides a
mountainous environment that supports widespread mixed forests and Alpine and sub-

alpine grass formations.
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4. METHODS AND DATA

The objectives of this thesis will be accomplished by following three main steps. 1)
Investigation of badlands distribution and understanding of regional characteristics of
the badlands in Turkey by using a machine learning approach. 2) Weathering processes
as a response to simulated precipitation and temperature conditions in Turkish
badlands will be analyzed with repeated laboratory analyses. 3) The topographic
position of badlands will be determined by using the slope-area approach and
comparing Turkish badlands with the badlands in different countries.

4.1 Regional Characteristics of Turkish Badlands

4.1.1 Badlands identification and inventory mapping

The aerial images (5m. resolution) provided by the General Directorate of Mapping
(HGM) of Turkey and Google Earth Pro™ images for areas where HGM aerial images
were not available were used as source data to delineate badland boundaries (Figure
4.1A). The rough badland boundaries have been investigated by taking into account
the spatial continuity the badlands (> 1km?). In the badlands inventory, we specifically
omitted minor (<1km?) and spatially discontinuous badland-like landscapes associated
with localized deforestation spots and mining activities. These landscapes were
excluded due to their lack of spatial coherence, in which they did not demonstrate a
repetitive distribution within an approximate radius of 10 km. The diagnostic
morphologic indicators have been considered in the identification of the badlands
landforms, such as the presence of highly dissected landforms (gullies and rills),
channel density differences, and sparsely or unvegetated areas showing color, tone,

and texture contrasts with their adjacent geo-environment.

The Red Relief Image Map (RRIM; Figure 4.1B) mosaics produced with an HGM-
based, 5-m digital elevation model (DEM) were used to map precisely and exclude
contiguous flat areas and trunk rivers within roughly identified badlands boundaries
(Figure 4.1C).

| =(Op— On) 12, (4.1)
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where Op is positive openness, and On is negative openness (Figure 4.1D). The stated
parameter (I - value) appropriately excludes incident light direction dependencies that
occur in shaded relief images and express convexity and concavity at the same time
(Chiba et al., 2008; Gorum, 2019).

Figure 4. 1: An overview of badland unit identification steps. a) exploring rough
morphologies of badland by using high-resolution aerial photos and Google Earth
Pro™, b) Refining badland unit boundaries using Red Relief Image Map (RRIM), c)
the resultant badland boundaries, d) RRIM visualization procedure steps, e) ground

view of the sample area which is subject to badland unit identification

4.1.2 Geo-environmental parameters that control badland distribution

The potential geo-environmental parameters that contribute to badlands formation
have been compiled at a 1-km spatial resolution with the aim of understanding and
differentiation of the regional characteristics of identified badland distribution. Four
main groups of variables have been determined according to their properties: Geology

and Tectonics, Topography, Climate, and Vegetation (Table 4.1).

The geology and the Neogene tectonic uplift maps of Turkey (MTA, 2002; McNab et
al., 2018) were used to obtain information about geologic settings. The lithologic
features have been assessed by reclassifying the 1: 500,000 scale geology map of
Turkey by considering the geologic time scale and depositional origin of the
sedimentary rocks (Figure 4.2). The climate parameters, the mean annual precipitation
(MAP; Figure 4.3A), seasonality both temperature (in Kelvin degrees) and
precipitation (Figure 4.3B and 4.3C, respectively) were obtained from the WorldClim2
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dataset (Fick & Hijmans, 2017). The aridity index (Trabucco & Zomer, 2018; Figure
4.3D) and the USLE R factor (Figure 4.3E) derived from the Global R-factor dataset
(Panagos et al., 2017) R were also included to analyses.

Table 4. 1: The geo-environmental parameters used in defining regional
characteristics of badlands.

Category Parameters Spatial Resolution Reference
Geology and
Tectonic Lithology 30m MTA (2002)
Tectonic uplift 1km McNub et al. (2018)
Fick & Hijmans
Climate Precipitation 1km (2017)
Precipitation Fick & Hijmans
seasonality 1km (2017)
Temperature Fick & Hijmans
seasonality 1km (2017)
Fick & Hijmans
Minimum temperature 1km (2017)
Trabucco & Zomer
Aridity 1km (2019)
R factor 1km Panagos et al. (2017)
Yamazaki et al.
Topography Elevation 1km (2017)
Yamazaki et al.
Relief 1km (2017)
Macro landforms 1km Gorim (2019)
Vegetation NDVI 1km Toté et al. (2017)

All these climate parameters are extensively cited in the literature as critical factors
involved in the development of badlands (Canton et al., 2018; Clarke & Rendell, 2006;
Higuchi et al., 2013; Moreno-de las Heras & Gallart, 2018). Multi-Error-Removed
Improved-Terrain DEM (Yamazaki et al., 2017) has been used for topographic



analyses (i.e., relief and swath profiles) included elevation (Figure 4.3F). Additionally,
the macro landforms of Turkey (Figure 4.4) produced by Goériim, (2019) also were
included in data sets for further analyses and determination of badlands characteristics.
The average value of May of the 1999-2017 SPOT series of the normalized difference
vegetation index (NDVI; Figure 4.2H) for Turkey was obtained from Toté et al. (2017)
in order to represent vegetation parameters in the regional analyses.

32°0'0"E

= Quaternary
SNeogene

@ Cretaceous
= Jurassic

Figure 4. 2: The reclassified lithology map according to the purpose of the study
(source: MTA, 2002). a) The lithology groups: Quaternary volcaniclastics (e.g.,
tuffs) (1), Quaternary clastics (e.g., unconsolidated sandstones) (2), Neogene
volcaniclastics (e.g., tuffs, and ignimbrites) (3), Neogene clastics (4), Neogene
lacustrine limestone interbedded with clastics (alternation of marls, sandstones, and
limestones) (5), Paleogene clastics (6), Paleogene lacustrine limestones interbedded
with clastics (e. g., alternation of sandstones, shales, and limestones) (7), Cretaceous
clastics&pillow lava (8), Cretaceous lacustrine limestones interbedded with clastics
(9), Jurassic clastics (10), Jurassic lacustrine limestones interbedded with clastics
(11), others (12), b) the lithology proportions in determined badland areas. Red lines
show the main active faults of Turkey (Emre et al., 2013), and purple polygons
represent the badland units.

The hydrological unit - at the sub-catchment scale (average size ~ 53 km?) - developed
by the General Directorate of State Hydraulic Works of Turkey was considered a
spatial unit for further analyses. Accordingly, we computed the values for each geo-

environmental variable at the sub-catchment scale using the zonal mean for continuous
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data (e.g., aridity, precipitation, NDVI, etc.) and the zonal majority for categorical data

(e.g., lithology data).
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Figure 4. 3: The geo-environmental parameter maps in 1 km? spatial resolution,
which are evaluated as the conditional factors on badlands clustering. a) Precipitation
(mm), b) temperature seasonality (% coefficient of variation), ¢) precipitation
seasonality (% coefficient of variation), d) aridity, e) R factor (Mj mm) / (ha h yr), f)
elevation (m), g) lithology, h) NDVI

4.1.3 Data analysis

The one of most common unsupervised machine learning algorithms, K-means
(MacQueen, 1967; Ball and Hall, 1965; Lloyd, 1982) has been applied to obtain
comprehensive and distinctive regions of badlands in terms of the physical aspects that
shape their spatial distribution. This technique which finds natural clusters in a given
data set is composed of the following main steps: (i) The algorithm generates a random
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number of k centroids inside the data domain., (ii) by linking each observation with
the nearest mean, k clusters are formed, and (iii) the algorithm adjusts the centroid of
each of the k clusters and iterates the previous two steps until the cluster centers'
locations and cluster group organization become stable. To determine the ideal number
of cluster groups, the R-squared technique (Liu et al., 2010) was used as an internal

validation procedure.

28°0'0"E

Figure 4. 4: Badlands distribution on macro landforms of Turkey (G6riim,2019):
plains (1), mid-altitude plains (2), lowlands (4), rugged lowlands (5), platforms (6),
low- (7), and mid-altitude plateaus (8), high (9) and very-high plateaus (10), hills
(11), low- (12) and mid-altitude mountains (13), and high (14) and very-high
mountains (15). Black lines show the main fault lines of Turkey (Emre et al., 2013),
and purple polygons represent the spatial distribution of badlands. The inset shows
the macro landforms proportions in determined badlands areas.

In practice, the cluster analysis was performed with geo-environmental parameters
ranging from 2-cluster to 7-cluster complexity. Next, the number of cluster groups was
determined by taking into account the R-squared technique and the fieldwork-based
experiences. The histograms were created displaying the 5™, 95" percentile, and mean
values of the geo-environmental factors to better characterize the geographical

characteristics of badlands determined by the ideal number of cluster groups.

In addition, in order to investigate spatial changes in the primary analyzed geo-
environmental variables and the interactions of these controlling factors with the
spatial distribution of badland in the region, the applied swath profiles (comprising
mean, maximum, minimum, and standard deviations values of the geo-environmental

variables) were utilized to cover the entire extension of Turkey. Two combined swath
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profiles were created for precipitation, elevation, aridity, topographic relief, and
temperature seasonality across Turkey in the directions of W-E (250 km width 1600
km length) and N-S (250 km width 600 km length).
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Figure 4. 5: Sequential steps of study, a) experimental setup: sample collection
composed of four main lithologies, badland forms, and climate settings, simulation
design compiling meteorological data, b) laboratory weathering experiments;
analyzing main physicochemical properties of samples and collection of geochemical
proxies from treatment of samples with different precipitation and temperature, c)
interpretations on weathering processes.

4.2 Weathering Experiments Under Controlled Laboratory Condition

The methodology in this part is divided into three phases (Figure 4.5): Sediment
samples from Turkish badland landscapes were collected, and meteorological data was
gathered to set up simulations of precipitation and temperature (Figure 4.5a); leachate
properties, such as volume, pH, EC, and ions, were measured through a series of
experiments with varying precipitation and temperature conditions (Figure 4.5b); and

the effects of weathering as a response were also examined (Figure 4.5¢c).
4.2.1 Sediment sampling

Using a chisel and a hammer, we extracted 11 sediment samples from the unweathered
badland parental materials that were about 20 cm below the surface. A total of 3, 4,
and 2 samples of the Mediterranean, arid, Cappadocian, and humid (i.e., mountainous
humid climate) badlands, respectively, were collected from the four separate study
sites, taking into account the significant climatic, lithologic, and badland

morphological differences. Even while it is ideal for badland samples to remain intact
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during sampling, this is not always achievable because badland sediments frequently
have fractures and break up into shards, but they nevertheless serve as a good
representation of the unweathered sediment (Kasanin-Grubin, 2013). Two groups of
subsamples (each approx. 1 kg) have been determined in the laboratory to achieve two
distinct goals: (1) to examine the geochemical properties of parent material of
badlands, and (2) to conduct weathering experiments under simulated natural climate

conditions.
4.2.2 Setup of climate simulation environments for weathering experiments

In an effort to simulate the field conditions of the study sites as nearly as possible in
the laboratory, the 12 simulated climate cycles or seasons that constitute 3-year trials
were built up. The badland samples, which were made up of shards with an average
size of 1x1.5x1 cm, were put in aluminum sample trays with porous bases (radius=9
cm, depth=4 cm) to enable the collection of leachates and subsequent analyses. Every
cycle involved treating samples with precipitation, either in the form of rain or snow,
followed by a drying period. Using long-term (1975-2005) climate data for the study
locations provided by the Turkish State Meteorological Service (MGM), we calculated
the total amount and type of precipitation every season (Table 4.2). According to their
seasonal precipitation characteristics, the sample sets were thus exposed to various
amounts of rainfall. Depending on the amount of precipitation, a 1.45 mm sec™ rate of
precipitation was applied for 16 to 185 seconds (Table 4.2). We used crushed ice
consisting of frozen distilled water to mimic snowfall throughout the winter cycles for
badland samples from the Cappadocia and humid areas. After the cycles' precipitation
phase, the samples were subjected for 24 hours to various conditions—depending on
the season and a typical climate region—during the simulations' drying phase. We
specifically reproduced room (R), refrigerator (FR), freezer (FZ), and lamb (L)
conditions to imitate spring/autumn (15°C), mild winter (4-5°C), winter (-2°C), and

summer (25-35°C) average temperatures, respectively.
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Table 4. 2: The wetting (precipitation) and drying (temperature) simulation
conditions. The values separated by a forward slash (/) indicate precipitation amount
(mm.), average temperature (°C), and drying environment, respectively. Drying
environments consist of distinct compartments, namely R (room temperature), F
(fridge), FZ (freezer), and L (lamp). The arrangement of these compartments
signifies various drying conditions within the same season. For instance, RF
represents a combination of room temperature and fridge drying. MAP is the mean
annual precipitation (mm.) *Refers to snowfall

Autumn Winter Spring Summer  MAP

Arid 63.6/13.4/R 107.5/2.3/F 89.8/11.3/L 37.1/22.1/L 298
Mediterranean  114.8/16.8/R 211.7/7/F 138.6/15.2/L  26.7/26.4/L 491.8
Humid 185.2/14.3/FR *331.7/-0.2/FZ 273.2/11.4/FR  24.8/25.6/L 814.9

Cappadocia 79.7/10.4/FR *108.3/0.03/FZF 149.6/9.4/FR  46.9/20.1/L 384.5

4.2.3 Geochemical analyses

The measurement of leachate volume, pH, and EC after each precipitation period were
taken at room temperature without previous mixing, by using a measuring cylinder,
pH meter AD 1000 pH/mV & Temperature Meter (Adwa), and Iskra 65967.00
conductometer. The analyses on anion quantification (COs%, CI;, SO4%, NOs) were
carried out with Dionex ICS 3000 (Single Pump (SP), Conductivity Detector (CDS),
Eluent Generator (EG), Chromeleon® Chromatography Workstation with
Chromeleon 6,7 Chromatography Management Software; Column: lonPac AS15
Analytical, 4x250 mm (P/N 053940), lonPac AG15 Guard, 4x50 mm (P/N 053942),
Eluent: 42 mM potassium hydroxide (KOH) (P/N 058900), Flow rate: 1.0 mL/min,
Continuously Regenerating Anion Trap Column (CR-ATC) (P/N 060477),
Temperature: 30 °C, Injection volume: 10 puL, Detection: Suppressed conductivity,
ASRS ULTRA Il (4 mm) (P/N 061561), recycle mode). The inductively coupled
plasma—optical emission spectrometry (ICP-OES) (Thermo Scientific iCAP 6000
ICP-spectrometer, SAD) with autosampler CETAC ASKS-spectrometer, SAD was

used in cation quantification (K*, Mg?*, Na*, Ca?*) analyses.

The mineralogy of samples was determined by X-ray powder diffraction performed on
Philips 1710 PW diffractometer with CuKa 1,2 (1,54178 A°) radiation. X-ray
diffraction was recorded over a 2 - 70 ° interval with 0.02 ° step size and a fixed
counting time of 1s per step. The samples were prepared for analyses by drying at 105

°C until the constant mass, mixing with wax (sediment: wax = 80:20; Hoechst wax C
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micro powder produced by Merck), and pressing into tablets using 25t pressure for 5

min., respectively.

The parameter sodium absorption ratio (SAR) is frequently utilized when an indicator
of the sodicity of the material solution is needed. Cations are extracted in water for this
index, and the results are calculated according to equation (4.2):

SAR= [Na*]/ ([ Ca?* + Mg?*] /2 )°5 (4.2)

4.3 Geomorphometric analyses

The topographical position of Turkish Badlands and its comparison with other badland
landscapes from different countries have been determined as a quantitative land-
surface analysis. The slope-area relation (Willgoose et al., 1991) which is a
relationship between drainage area (A in m?) and slope (S in m/m) has been used in
order to determine the topographical position of badland landscapes. According to
power law equation (4.3):

S=k. A’ (4.3)
In a logarithmic plot (log(S) = log(k) + dlog(A)), where k represents a constant and 4
denotes a scaling exponent, representing the gradient or steepness of the slope-area
relationship. Empirically, 8 exhibits positive values in rounded convex ridges, where
dominant diffusive sediment transport processes such as soil creep, rain splash, and
bioturbation occur. Conversely, 6 exhibits negative values in concave valleys and
channels, where fluvial (advective) sediment transport processes erode the landscape.
( Tarboton et al., 1992; Istanbulluoglu et al., 2008). This relation has been employed
at the watershed scale to elucidate the topographic location of badland landforms
within the watershed. Digital terrain models (DTM) and badland areas are needed in
order to obtain slope-area diagrams for all areas. For these purposes, freely available
and nationwide (i.e., Turkey and Taiwan) DTMs were compiled and badlands

boundaries have been delineated according to section 4.1.1.
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Figure 4. 6: The steps for determining optimum resolution for DTMs and obtaining
slope-area plots.

The optimum resolution of DTM has been determined with the swath profiles in
Caineville, USA by using 1m to 30m resolution DTM. TopoToolbox 2-MATLAB-
based software (Schwanghart & Scherler, 2014) has been used in the pre-processes —
extraction of flow direction, contribution area, and slope gradient - of DTMs for
geomorphometric analyses. The preparation includes “GRIDobj, FLOWobj, and
STREAMobj” of TopoToolbox. As a final product “slopearea” tool has been used in
TopoToolbox (Figure 4.6). The S values for each log interval of A were averaged to
reduce the scattering of the slope-area plots caused by the large number of pixels, and
this binning method was used in this inquiry to enable the splitting into different
process domains. The slope-area diagrams have been utilized for all badland areas with

their corresponding watershed.
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5. RESULTS

5.1 Regional Distribution and General Geological Setting of Turkish Badlands

A total of 1366 badland units (average size 12 km?) through our visual inspection.
Their regional distribution extends over 4494 km? and illustrates the non-uniform
spatial distribution of these highly erosive landforms in Turkey (Figure 3.1B).

Density values of badland areas within the sub-catchments vary between 0.00002 and
1.0 km™2, and this variation is divided into five classes whose boundaries are set where
there are relatively large differences in the data values using Jenks Natural Breaks
algorithm (Figure 5.1A and 5.1B). Most of the identified and delimited badland areas
are concentrated in CAP, where they are associated mainly with Neogene and
Paleogene lithologies of terrestrial clastics, especially nearby Ankara (Figure 4.2).
Although some hotspots stand out for the obtained badlands distributions, the density
ratios of badland/micro-catchment areas did not predominate in frequency intervals.
(Figure 5.1B). Neogene and Paleogene units are major sub-lithologies with a
preponderance ratio (77 %) (Figure 4.2) within the determined geologic units. The
Neogene units comprise 43% of the total mapped badlands and are dominated by
terrestrial clastics (73% of the Neogene units; Figure 4.2B). Further, the Paleogene
units account for 34 % of all mapped badlands, and they are also dominated by clastics

of terrestrial origin (97% of the Paleogene units, Figure 4.2B).
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Figure 5. 1: The distribution of badland density. a) The regional badland density
map of the study area. Note that badlands densities have been calculated in the sub-
basins. b) Box plots show badland densities considering the Jenks optimization
method and the histogram that shows the frequency of the density classes of badland
units in the study area.

Overall, the obtained pattern of regional distribution of badlands demonstrates a
coherence with the Neogene and Paleogene geological units (mostly units 4 and 6),
respectively, in CAP and eastern Turkey (Figure 4.2A). The remaining 23% of
identified badlands are distributed within Cretaceous, Quaternary, and Jurassic
geologic units. Badland areas distributed on the Quaternary deposits are mainly located
within the western Anatolia graben system, which lies on tectonically active regions

affected by neotectonic movements (Figure 4.2A).

At first glance, the determined badlands distribution suggests that the locations of the
badlands are parallel to a general gradient of increasing elevation from W to E, which
is also linked to a broad gradient of variations of macro-landforms, from mid-altitude
plains in the west to high and very-high mountains in the east (Figure 4.4). An
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extensive aggregation of badlands landscapes was observed (67%) in low- and mid-
altitude mountains from these spatial gradients of macro-landforms and badlands
distribution. By considering the concentration of these badland areas on relatively high
topography (>1100 m.a.s.l.), the field visits for validation showed that these mountain
badlands are distributed within the mountain hillslopes and side-slope pediments that
have been formed by the action of long-term erosion from this high topography.
Differently, the low- and mid-altitude plateaus that concentrate nearly 25% of the
badland distribution in the CAP region are characterized by paleo-pediment areas on
the Neogene deposits (Figure 4.4). Badland areas developed in the southern and
northern margins of the CAP are affected by the control of the active tectonic regime
and river incision-induced rugged topography. An evident consistency has been found
between the distribution of active faults and the presence of badlands for certain areas
of the region, for example, south of Kastamonu along with the North Anatolian Fault
(NAF), in the extensional regime-dominated areas (e.g., western Anatolia) nearby the
Izmir, and fault lines north-west of Nigde (Figure 4.4).
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Figure 5. 2: The possible solutions of the K-means clustering analysis in order to
find an optimum number of badland regions. a) Cluster-2, b) Cluster-3, c) Cluster-4,
d) Cluster-5, e) Cluster-6, f) Cluster-7.

5.2 Cluster Analysis

As a result of the cluster analysis, the different cluster groups of badlands have been
generated, ranging from 2 to 7 (Figure 5.2A-F). Cluster-2 representation (Figure 5.2A)
shows the most generalized regions, while Cluster-7 (Figure 5.2F) shows a very
intricate organization of badland groups. Further internal validation of the cluster
analysis indicated that the differences between badland groups decrease abruptly as
the number of clusters increases after setting the five groups of Cluster-5

representation (Figure 5.3).
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Figure 5. 3: The Elbow Graph which is an internal validation algorithm used in
determination of optimum number k-clusters.

Standing on these results, badland mapping, and visual inspections throughout the
extensive field validation visits, Cluster-5 represents and differentiates optimally the
main physical regions of the territory, by clearly discriminating, for example, the south
(Mediterranean climate and mountainous dominated landscapes) and north (NAF-
dominated, rugged topography) margins of the Central Anatolian Plateau (CAP), and
the pure CAP landscapes (Regions 1, 2 and 3, respectively; Figure 5.2D).

The general characteristics of Cluster-5 (Table 5.1) are particularly influenced by the
dominant semi-arid climate of the territory (0.48 mean value for the aridity index),
unlike the presence of a high gradient between the minimum (0.25, arid to semi-arid
transition) and maximum (0.85, semi-humid) aridity index values of the badlands in
the region. Looking at the other climatic geo-environmental factors, mean annual
precipitation comes into prominence with a relatively high value (529 mm) when it is

compared to the semi-arid conditions.
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Table 5. 1: The descriptive statistics of geo-environmental parameters that used in
cluster analysis.

Variable Mean Std.Dev. Min Max R?
Temperature Seasonality 810.9922 80.1868 679.72 1015.9 0.8348
Mean Annual Precipitation 529.4075 122.0146 342.412 962.848 0.8344
Precipitation Seasonality 52.6168 16.313 26.0548 90.21 0.7601
R Factor 351.8017 179.8442 115.696 1107.46 0.6744
Aritidy 0.486 0.1096 0.2502 0.8294 0.6527
Lithology 4.9413 1.7559 1 11 0.3631
NDVI 0.5834 0.0979 0.2408 0.8782 0.3229
Elevation 1015.3805 408.7912 78.4872 2910.53 0.3134

The largest precipitation seasonality values of the region (>80 %; Figure 4.3C) are
reached in western Turkey, while the overall mean value is sensibly lower (54 mm;
Table 5.1). Temperature seasonality shows an undeviating distribution and having the
~ 810 mean value across Turkey extremely variates (>1000), especially in continental
eastern Turkey. The USLE R factor shows a significant shift from inland to the
shoreline (Figure 4.3E). The elevation values from west to east have a clear increasing
tendency (Figure 4.3F). The mean elevation in the micro-catchments hosting the
obtained badland distribution is 1015 m. (Table 5.1). The overall mean NDVI value of
the studied badland landscapes and sub-catchments is 0.58, corresponding to sparse to
moderate vegetation. The descriptive statistics for Cluster-5 (R? in Table 5.1) indicate
how much the analyzed variables contribute to the optimal sectorization of badland
groups. Temperature seasonality and MAP showed the largest R? values (0.83),
followed by precipitation seasonality, R factor, and aridity (R? = 0.6-0.7), all of them

contributing largely to discriminating the badland regions of Cluster-5.
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Table 5. 2: The characteristics of unweathered samples showing the main
geochemical and mineralogical properties before the treatments. Note: EC, electrical
conductivity (uS/cm); organic matter (%); SAR, sodium absorption ratio.

Sam pH EC SAR Quartz Smect Ilite Kaolin Chlori Analci Calcite Albi Other
ples (nS/e ite ite te me te miner
m) als
Al 10.13 702 6.30 0.93 53.25 24.00 0.00 0.00 18.50 2.36 0.89 0.00
A2 9.95 780 31.38 0.91 48.59 23.90 0.00 0.00 21.00 4.27 0.66 0.70
A3 10.42 404 11.18 0.36 72.10 2.40 0.00 0.00 8.50 8.50 0.00 8.14
A4 10.43 506 11.18 0.45 49.93 20.40 0.00 0.00 20.00 4.03 0.00 5.28
M1 8.18 69.8 3.58 32.60 29.30 13.10 2.30 0.00 0.00 0.00 11.8 10.70
0
M2 10.04 70.9 0.69 27.90 30.31 16.00 5.10 0.00 0.00 0.00 9.80 10.74
M3 8.68 63.4 2.61 22.90 43.60 12.90 6.50 0.00 0.00 0.00 4.80 941
H1 9.81 35.7 0.12 13.90 40.60 4.60 1.73 6.40 1.23 18.60 10.8 2.13
0
H2 9.41 48.7 0.11 12.30 47.32 0.01 0.79 6.30 1.54 16.40 12.8 2.50
0
C1 8.76 24.3 021 19.20 37.24 2.50 0.00 0.00 0.00 0.00 40.5 0.62
0
Cc2 9.65 13 0.12 11.70 56.98 2.19 118 0.00 0.00 0.00 26.8 0.93
0

badland regions of Cluster-5. Lithology, NDVI, and elevation contributed marginally

to the obtained regional sectorization of badland landscapes (Table 5.1).

5.3 Geochemical and Mineralogical Characteristics of Unweathered Samples

As shown in Table 5.2, the samples exhibit variations in the regional context across all
geochemical parameters. The samples in arid region show higher values in average for
pH, EC, and SAR. While other geochemical properties show more pronounced
variations among regions, the pH values are consistently classified as very strongly
alkaline, with average values of 10.23, 9.61, 9.55, and 9.20 in the arid, humid,

Mediterranean, and Cappadocia badlands, respectively.
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Figure 5. 4: Sequential evolutions of unconsolidated materials recorded by
consecutive photos. (*Colour gradients within the same samples throughout cycles
does not indicate physicochemical changes, it is because of the dynamic light footage
conditions in the laboratory environment.).

The EC values observed in the arid region demonstrate a range between 404 and 780,
representing an average increase of 131%, 1317%, and 3106.43% when compared to
the Mediterranean, humid, and Cappadocia badlands, respectively. The samples in the
arid region exhibit higher levels of dispersity, as indicated by the SAR value of 15.11,

when compared to other regions. Regarding the

The samples in arid region display higher average proportions of smectite (55.97%)

and illite (17.68%) as clay minerals. Additionally, analcime is notably present,

32



accounting for 17% of the composition on average. The samples in Mediterranean
region exhibits a relatively more uniform distribution of mineral compositions, with
smectite 34.40%, quartz %27.8, illite 14%, albite 8.8%, kaolinite 4.63%, and the
remaining 10.28% attributed to other minerals. While the smectite (44%) and calcite
(17.5%) constitute the majority of the composition of samples in humid badlands,

Cappadocia badlands primarily consist of smectite (47.11%) and albeit (33.65%).

5.4 Surficial Responses to Experiments

We have tracked the periodic evolution of the crust, desiccation crack, dispersion, and
popcorn formation through serial photographs taken immediately after the drying
phase of the samples (Fig. 5.4). While surface alterations in arid and Mediterranean
samples throughout cycles were observed, humid and Cappadocia samples maintained
their internal stabilities, apart from the minor developed joints in the shard structure of
humid samples. Thus, the subsequent results will demonstrate the outcomes from arid

and Mediterranean samples.

Although samples were subjected to same experimental conditions in order to simulate
behavior precipitation and temperature conditions, within their respective localities,
their resulting morphological features were different from each other. The
Mediterranean samples have shattered into fine particles after the first cycle. However,
arid samples, particularly A3 and A4, maintained their shard structure till the 5" cycle
(Figure 5.4). Despite the fact that the Mediterranean region received nearly an order
of magnitude higher precipitation (Table 4.2) than the arid region, the samples did not
disperse owing to their subtle geochemical differences (i.e., major minerals, pH, EC,
SAR, and organic matter content). Instead, after rapid fragmentation in Mediterranean
badland samples, often deep cracks (a few mm width), have formed which are highly
associated with spring and summer cycles. The surficial responses are periodically
shown by arid samples to seasonal contrasts in climate. After completing one
hydrological year, represented in 4 successive seasonal cycles, the samples in the arid
region exhibited increased instability and dispersion due to their critical susceptibility
to swelling and dispersion. This resulted in desiccation cracks and crust formation,
except for sample A4, which remained unresponsive after breaking down into fine
particles. While the formation of desiccation cracks and crusts in A1 and A2 follows

a seasonal pattern, particularly with the spring and summer periods, A3 preserved its
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crustal structure from the seventh cycle through to the end of the subsequent cycles.
The development of a subtle "popcorn” surface, which denotes the swelling behavior
of sediments with high clay content, arose exclusively in the A2 during the latest spring

and summer cycles.

5.5 Fluctuations in Leachate Characteristics During The Experiments

5.5.1 Leachate production and ponds formation

The quantity of leachates is strongly influenced by the precipitation amount and drying
conditions of both the present and prior seasons coupled with the characteristics of the
underlying parent rock. Regardless of the climate type simulated, most samples did
not produce enough leachate in the summer seasons of 4™, 8" and 12'" cycles, because
of rainfall scarcity (Figure 5.5A). Leachate volume showed a marked descending
order: Humid>Mediterranean>Arid>Cappadocia (Figure 5.5A). In fact, a 2-order
magnitude higher volume of leachates were collected throughout experiments in the
humid samples compared to other regions due to the higher mean annual precipitation
and relatively more consolidated shards and cracks, allowing higher permeability. The
volume of leachates in humid samples also showed a constant periodic variation over
the years even if the amount of snowfall in winter is higher than the spring rainfall.
The samples in Cappadocia were subjected to slightly higher MAP than the arid
samples (384 and 294 mm/year respectively), however, a larger volume of leachates
was collected from the arid samples, particularly during fall (1% and 5™) and winter
(2", 6™ and 10™) of the cycles. Arid samples subjected to the lowest MAP showed a
marked decrease during summer. Despite the fact that all samples produced leachate
during the initial cycle, only the A3 and A4 samples yielded leachate during the fifth
cycle, and sample A3 yielded leachate in the ninth cycle. Leachate were collected in
1%t and 2™ for the Mediterranean samples, with the exception of M3. The peaks of
leachate amounts were recorded in winter, which commonly coincided with a

maximum amount of precipitation.

Temporary pond formation on the surface of samples, which is strongly associated
with clogging the pores with fine-grained particles, was observed in arid and
Mediterranean samples. While relatively long-lived (>30 min.) ponds were seen in
samples A2 (also in 6™ cycle) and A4 in the 7" cycle, sample Al only showed

relatively short-lived (30 min.) ponds during 6™, 71", and 8" cycles. Contrary to arid
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samples, ponds were formed in 1% and 2" year cycles varying from long to short-lived
in different Mediterranean samples.
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Figure 5. 5: Temporal changes of leachate volume (Vol, cm®), EC, and pH.
Asterisks indicate the pond formations and their durations (*Short lived <30min.,
**_ong-lived >30min.). Dashed lines on the volume graphs show the relative
fractions (%) of cumulative leachate to mean annual precipitation in a one year. Grey
shaded columns represent cycles with no leachate obtained.

5.5.2 Electrical Conductivity

Notable and largest oscillations have been recorded in electrical conductivity amongst
samples (Figure 5.5B). Certain variations were obtained in leachates of arid samples,
even if they are fairly similar to each other in terms of their mineralogical
compositions. In the leachates of arid samples, the highest value observed (12890
uS/cm) indicated an incremental EC trend during the first-year cycles. Leachates of
samples A3 and A4, for example, exhibited an initial increase of 155% and 367% in

EC along the first cycle, respectively, followed by irregular variations until the end of
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the last-year cycle. Leachates of Mediterranean samples exhibited a comparable
pattern of incremental trend for the initial year cycles (258%, 370%, and 105% EC
increase for M1, M2, and M3, respectively). Subsequently, the EC values in the
Mediterranean samples decreased by an average 48%, leading to inconsistent
fluctuations in the third-year cycles. The leachates of Humid and Cappadocia samples
showed the most regular temporal seasonal fluctuations. EC remained relatively
constant during the fall and spring phases, while marked, abrupt increases were
recorded during the winter phases of the cycles. (Figure 5.5B).

5.5.3 pH

The temporal distribution of pH shows constant periodic trends compared to the strong
seasonal variations of leachate volume and EC (Figure 5.5C). The pH ranges from
acidic (4.9) for some of the leachate obtained from the Mediterranean samples to
strongly alkaline (up to 10.5) for arid sample leachates. Additionally, considerable
changes have been observed in the Mediterranean samples. During the first year, the
pH value of the leachates in Mediterranean samples was moderately acidic, with an
average of 6.4. However, in the subsequent two-year cycles, the samples gradually
shifted towards being slightly alkaline, with pH values of 7.8 and 7.6 in the second and
third years, respectively. In comparison to the leachates from the Mediterranean
region, the samples from the arid, humid, and Cappadocia regions displayed relatively

minimal variations in pH values during the course of the experiments.
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Figure 5. 6: Circular bar plots of region-based results of selected ions, volume, EC,
and pH in which samples are represented by their average values with their region.
The log10 transformation were utilized for ion concentrations (mmol/kg) and EC
(uS/cm).

5.5.4 lon concentrations

Since the samples from the similar region shared similar geochemical characteristics,
such as concentrations of pH, EC, mineralogy, and SAR the conspicuous observations
led us to conduct additional analysis in a regional context in order to better understand
how seasonal variations influence the geochemical indicators that were thought to be
potential proxies for selective weathering processes. The concentrations both in
cations and anions substantially vary in all regions, but certain ions (i.e., Na*, Ca®",
Mg?*, CO3?) favorably shows periodic patterns in the leachates of particular samples
(Figure 5.6). The seasonal trends (i.e., repeated pattern for same seasons in different
years), particularly for K*, Mg?* Ca?*, and Na* were observed in the leachate of
Mediterranean samples after gradual increase of first year. In this context, the winter
seasons experienced a notable increase in the second and third years, leading to a
pronounced drop in subsequent seasons (i.e., spring) and preceding seasons (i.e., fall)

in these leachates.
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Figure 5. 7: Multilevel correlations coefficients between pH — EC and ions. (the
level of significance; * p < 0.05 and ** p < 0.001).

However, after an ever-increasing level of all cations in Mediterranean leachates, a
subsequent decline of 45% and 64% during the second and third annual cycles were
observed in the same region, respectively. The Na*, in particular, demonstrates a
sequential annual pattern characterized by an initial gradual increase from fall to
spring, followed by a substantial decrease during summer in the leachates of arid
samples. The leachates of Humid and Cappadocia samples exhibited higher inconstant
ion releases during the cycles in comparison to EC values. Nevertheless, some degree
of recurrent cyclic patterns in K*, Mg?*, and Ca®" in cation releases, portraying
fluctuations between upward and downward trends, were also observed in leachate of
humid samples. The irregular releases have been observed in the most of the anions
(CI', SO4%, and NOz) in all regions, while NOs” showed a notable increment of %6258

after marked decline from 1% to 8" cycle in the leachates of Mediterranean samples.

The multilevel correlation coefficients indicated that pH and EC as crucial controlling
indicators of the weathering rates have a significant (p < 0.05) relationship with the

cations in the leachate of Mediterranean samples through simulated climate cycles
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(Figure 5.7). While pH showed negative correlation with cations, EC illustrates
positive correlation in this region. On the other hand, majority of the anions have
statistically insignificant relation with EC and pH in all region. The leachates in arid
samples shows only positive significant correlation between Na* and CI- ions and EC
(r> = 0.87 and 0.7, respectively) while Na* and CI- in leachate of humid samples are
significantly correlated with both pH (negatively) and EC (positively). The cations
also are significantly correlated with EC in the leachates of Cappadocia samples (r?=
0.86 in average).

5.6 Geomorphometric Properties

The swath profiles show noticeable variations in different resolution of DTM for the
minimum, maximum, and mean elevation values taken from Caineville (Utah), USA
(Figure 5.8).

1900 1 meter 1900 6 meter
1800 | 1800 )
P ——
1700 1700 i
A
LN
1600 1600 /
~—~ 1500 1500 M/ f"
A
é “\\Mﬂ A
1400 } } } } i 1400 t t t } i
o 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
——
©
>
2 1900 12 meter 1900 30 meter
Ll
1800 ) 1800 7
—— [ —
1700 | 1700
1600 ﬂ 1600 [N
\
[\ y/F /
1500 f { ’ 1500 \/jﬁ \/4/
A \LN
1400 } } } } | 1400 } } } } i
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

Distance (m)

Figure 5. 8: The swath profiles taken from the Caineville badlands areas show
minimum, mean, maximum elevation values in order to determine optimum
resolution of DTM for geomorphometric analyses.

When comparing DTMs with resolutions of 1, 5, 12, and 30m to determine the
appropriate resolution, it was observed that the 1m and 5m DTMs effectively captured
the recurring channels and divides. However, DTMs with coarser resolutions beyond
5m exhibited a more generalized representation in the swath profile, indicating a loss

of information pertaining to the channels and divides (Figure 5.8). Therefore, in order
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to obtain same resolution for DTMs in every study sites, the 5m resolution has been
considered as a suitable DTM for further determination of topographic positions of
badlands.

The figure 5.9 shows the comparison of slope-area relation both in badland areas and
their corresponding catchment and different study sites. Even though contributions
areas of catchments can be up to 108 m?, these values are limited maximum up to 10°
m? (in Tosya, Turkey). While maximum contribution values illustrate higher values,
the mean contribution area is 328m? in all badland areas. Tosya comes into prominence
with highest mean contribution area (627m?) among the other badland areas.

The binned values primarily portray a convex shape up to 10 m? in the catchments
while this convex shape is not evident in badland areas apart from Taiwan, Burdur,
and Tosya. The slope area bins of badlands compared to their corresponding
catchments generally show higher S values for similar values of contributing area (the
high S values are generally considered as predisposing factors for accelerated erosion
landform initiation and development). Surprisingly, despite the fact that the gradient
values in Lombardy's badland areas appear to be higher than their catchment, badland
areas (0.57 m m™) are steeper than catchment (0.17 m m™) in mean gradient. The
badlands areas (0.60 m m™) are 61.20% higher than their corresponding catchments in
mean gradient values (Table 6.2). The badlands in Tosya which are located on the
North Anatolian Fault in the northern part of Turkey shows the highest mean gradient
with 39.7° among the study sites. The noticeable differences in slope orientations of
badland areas have been observed among the study sites (Figure 5.9). The southern
and northern aspects represent majority of the hillslopes in all badland sites with 49%
and 25%, respectively. Although the majority of sites have a dominant aspect to the
south, the northern hillslopes appear to have a larger average area in the Saldes (41%),
South Dakota (39%), and Burdur (%35) with marginal differences than southern
hillslopes (30%, 32%, and 34%, respectively.). Notably, in Basilicata, southern slopes
constitute 85% of the badlands' hillslopes which is a highest representation of southern
aspect. The least representation of slope orientation in badland areas with eastern

(13%) and western (12%) slopes slightly differ from each other.
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6. DISCUSSION

6.1 Regional Identification and Assessments of Turkish Badlands

6.1.1 The climatic, tectonic, and geologic controls on the clustering of badlands
regions

The results of regional assessment suggest that both the distribution and characteristics
of Turkish badlands have been affected by the interactions of geo-environmental
factors resulting from the relationship between the regional geologic and climatic
settings. Badland distribution in Region 1 (Figures 6.1 and 6.2) spatially coincides
with the Mediterranean climate conditions of the western coastline, which is
characterized by a distinct precipitation seasonality and high rainfall erosivity, critical
influencing factors for the development of badlands (Arnau-Rosalén et al., 2008;
Clarke and Rendell, 2006; Higuchi et al., 2013; Vergari, 2015). In this respect, from
west to east in the swath profile (Figure 6.2A and 6.2B), the observed high-

precipitation
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Figure 6. 1: Spatial distribution of the regions according to cluster-5. The histograms

show the descriptive statistics of sub-regions. Black vertical lines indicate the mean

values and shaded areas colored for each region span the interquartile range (5th and
95th percentile).

seasonality bears a clear boundary, decreasing sharply in the transition zone from the
badland Region 1 in western and southern Turkey to the inner badland Region 3 in
central Turkey (Figure 6.2A and 6.2B). The underlying reason for forming a sharp
boundary between these two regions is caused by the presence of orographic barriers
(i.e., the Taurides), controlled by neotectonic, rapid uplift, in southern Turkey (McNab

et al., 2018; Schildgen et al., 2012). The climatic parameters play a crucial role in the
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Figure 6. 2: The regional variations and comparison of the geo-environmental parameters for badland regions. The latitudinal and longitudinally
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provinces.
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transition zones among the obtained badland regions, but the tectonic adjustment and
its erosional response are also responsible for isolating the regions topographically in
western Turkey. The extensional regime affecting western Turkey has caused
successive denudational and depositional processes, constituting Plio-Quaternary
terrestrial deposits (Figure 6.2A; units 2 and 4) deformed under the control of the
normal faults system (Ocakoglu, 2020; Ozpolat et al., 2020). These active erosional
processes have led to favorable conditions for badland formation along mountain
fronts (e.g., northern and southern hillslopes of the Bozdag and Aydin mountains,
respectively, along with the Western Anatolian horst-graben systems) in western
Turkey. Even though the formation and the development degree of badlands are highly
linked with the local structural control (Bentivenga et al., 2021), geo-environmental
factors and process domains (Llena et al., 2020; Vergari et al., 2019), the tectonic and
climatic settings in the regional scale are also critical factors on the evolution of
badlands by adjusting regional base level (Calvo-Cases & Harvey, 1996; Faulkner,
2008; Harvey et al., 2014). In this respect, the eastern margin of the CAP, which is
sculpted conformably to the NAF zone by active denudational processes such as large
landslides (Gorum, 2019) and river incision, shapes the transition zone towards

badland Region 3, which is tectonically less active than Region 4, in eastern Turkey.

Based on the west-to-east swath profile (Figure 6.2A), the boundary between Regions
4 and 5 is highly controlled by temperature and precipitation seasonality. These factors
have been reported to be linked to badland development, as triggering factors
controlling bedrock weathering processes and overland flow generation, particularly
for the formation of mountain badlands (Descroix & Gautier, 2002; Moreno-de las
Heras & Gallart, 2016a; Regués et al., 1995; Reguiés & Gallart, 2004). Although no
apparent differences in elevation can be pointed out from the analysis of the swath
profile at this transition zone for the badlands Regions 4 and 5, the large positive
asymmetry in the elevation histogram for the distribution of Region 4 badlands along
the range of 1000-2250 m constitutes an additional criterion of separation of these two
groups of badlands (Figure 6.1B). Another associated sign for separating these two
regions is the transition to the more humid conditions (i.e., the mean aridity index is
0.45 and 0.65 for Regions 5 and 4, respectively), conformably with increasing

precipitation for Region 4 (Figure 6.1 and 6.2A).
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The Central Anatolian Plateau (CAP) is an orogenic plateau bounded by the
tectonically active faults from the southern and northern margins (Bartol & Govers,
2014; Faccenna et al., 2013; Gogiis et al., 2017; McNab et al., 2018; Schildgen et al.,
2014). The swath profile that runs from north to south reflects two transition zones of
badlands regions conformably with their climatic and topographic distributions (Fig.
9b). The spatial transition from Region 2 to Region 3 badlands takes place along the
northern margin of the CAP, deformed by the North Anatolian Fault (NAF). The steep
topography of this margin constitutes a topographic barrier limiting the amount of
precipitation from the Black Sea to inland CAP, causing a distinct contrast in badland
regions from sub-humid conditions in the north (Region 2) to semi-arid conditions in
the CAP area (Region 3). The aridity index shows a drastic decrement from Region 2
to Region 3, which is also concurrent with a sharp precipitation reduction between
these two regions caused by the orographic, rain-shadow effect exerted by the northern
mountain chains over the CAP area. The controls of climatic and topographic
variations are explicit for the transition on badland regions along the north to south
swath profile. It is also apparent to observe that the strong variances in precipitation
seasonality and mean topographic relief become dominant in separating Regions 2 — 3
— 1 along this area. The underlying reason for the partition of badland regions along
the southern margin of the CAP (i.e., Regions 3 and 1, from north to south) is
associated with rapid rock uplift induced steep topography (Racano et al., 2021) and
its related orogenic response to increased precipitation amount and seasonality (Figure
6.2A). Schildgen et al. (2014) revealed that the southern margin (Central Taurides) of
the Central Anatolian “ova” Province or CAP has been characterized by rapid uplift
(~1.5 km) during the last 1.6 Ma, resulting in the formation of a natural orographic
barrier (Central Taurides) that limits the movement of moisture and rainfall source
from the Mediterranean Sea towards the CAP (Figure 6.2C and 6.2D). A further
lithological distinction between Region 3 and Region 1 badlands along the southern
CAP transition of the swath profile can be outlined (Figure 6.2B), caused by the
presence of uplifted marine-borne sediments of Calabrian age in Region 1 badlands
beyond the southern rim of the Central Anatolian Plateau, with important implications
regarding their maximum age and tectonic control on their formation (Cosentino et al.,
2012; Schildgen et al., 2012).
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6.1.2 A conceptual synthesis of Turkish Badlands

Overall, our comprehensive regional assessment of Turkish badlands offers five
distinguished major groups organized within the regional setting of geo-environmental
terrain properties (Figure 6.3). In this context, three essential badland regions can be
established: Region 1, Region 3, and Region 4, hereafter referred to as Mediterranean
badlands, Central Anatolian Plateau badlands, and Eastern Anatolia Highland
badlands, respectively. The other two regional groups of badlands, Region 2 and
Region 5, can be interpreted as transition regions, hereafter referred to as Plateau-
Margin Transition badlands and Plateau-Highland Transition badlands, respectively.
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Figure 6. 3: The synthesis table illustrates the main regional characteristics and

differences of five major badland regions in Turkey.
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Mediterranean badlands (Figure 6.3), broadly distributed within the Western Anatolia
Extensional Province (WAEP; Figure 6.2C), have been developed by the dissection of
steep slopes in response to the mutual interaction of long term tectonic, climatic, and
lithologic conditions. The WAEP had 3.5 km elevation in Early to Middle Miocene
(Okay et al., 2020; Sengér & Yazici, 2020). Parallel to the onset of the neotectonics
period, the escape tectonic of the Anatolian Plate together with slab retreat in the west
along the Hellenic trench initiated an extensional regime to WAEP, resulting in
extensive denudation, which limits the topographic relief in the long-term (Sengér &
Yilmaz, 1981; Sengor & Yazici, 2020). Extensional tectonics further caused the
formation of horst-graben systems in the WAEP. Long-term base-level changes
successively led to sedimentation forming the pediment surface at the basins that are
readily eroded by river systems originated in the Quaternary (Ciner et al., 2015;
Westaway et al., 2004).

The regional analyses indicate that precipitation seasonality comes into prominence as
one of the most critical geo-environmental parameters controlling badland
development and organization for the Mediterranean badlands. Further, the presence
of topographic barriers (i.e., the Taurides mountain range), which induces orographic
rainfall in parallel to increased rainfall erosivity, overland flow, and soil erosion, can
largely contribute to badland formation in this region. From the dominant bedrock
point of view and weathering processes acting on the badland surfaces, we anticipate
a more effective action of wetting — drying cycles (Canton et al., 2002) than freezing-
thawing and frost- cracking (Ariagno et al., 2022), due to the overall warm temperature
of this region (mean average temperature is 16 °C). On the other hand, widespread
river and lacustrine sediment alternation support piping and the development of intense
gully networks on the side slopes of pediment surfaces, which are initiated by
landsliding, pipe collapse, and headward erosion. The badlands distributed in this
region share identic geo-environmental features with Italian calanchi in terms of high
precipitation seasonality and the presence of sparse maquis vegetation (Farifteh &
Soeters, 2006; Moretti & Rodolfi, 2000; Pulice et al., 2012). Although the marine
origin of the depositional environment of Italian calanchi notably differs from the
Mediterranean badlands of Turkey that are characterized by terrestrial clastics, the

resemblance is relatively apparent regarding their morphological features, mostly
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sharp-edged landforms sculpted by active erosion processes (e.g., shallow landslides,
gullying, rilling, and piping).

The Central Anatolian Plateau badlands (Figure 6.3) represent the broadest regional
distribution of these highly erosive landforms in Turkey (~42 %). The uniform climatic
setting of the region stands out by having the driest, semi-arid conditions in the
territory, with a 0.39 mean aridity index and 432 mm MAP values (Figure 6.1B). The
CAP shows orogenic plateau characteristics similar to the Himalayan and Puna-
Altiplano plateaus, which are spatially delimited by tectonically active margins that
strongly constrain the passage of air masses to the interior of the plateau. This explains
the scarcity of precipitation due to the reinforced emergence of rain-shadow areas that
provide the regional context for the arid and semi-arid badlands of the CAP. The CAP
is represented by low relief, which led to the development of pluvial lakes forming
fluvio-lacustrine sediment deposits during the Pleistocene climate oscillation (Erol,
1997). Considering the current arid to semi-arid climate conditions of this region, the
low annual rainfall amount levels of the CAP may significantly constrain the erosive
activity and incision of these badlands, as suggested by (Gallart et al., 2002) for other
badlands of arid and semi-arid character. For example, studies in the arid badlands of
the Zin Valley (lIsrael) indicate no significant slope retreat and rather low channel
incision rates at the present time, also establishing their ancient origin during a less
arid phase of the late Pleistocene (Yair et al., 1980; 1982; 2013). In this sense, we can
argue that, very likely, the development of the arid and semi-arid badlands of the
Central Anatolian Plateau may be the result of the past active incision during a wetter
phase of paleoclimate conditions, suggesting a relatively old origin as other arid and
semi-arid badlands developed in different areas of the Mediterranean basin, such as
the Guadix-Baza and the Tabernas badlands in Spain (Wise et al., 1982; Diaz-
Herndndez & Julia, 2006; Calvo-Cases et al., 2014 ) or the aforementioned Zin Valley
badlands in Israel (Bryan & Yair, 1982; Yair et al., 1980, 2013). Variations in parent
bedrock materials and local structural differences (e.g., orientation and slope of
bedding and fractures) can cause essential variations in badland morphology (Calvo-
Cases & Harvey, 1996; Moreno-de las Heras & Gallart, 2016a), 2016). Although this
section does not aim to describe and compare badland morphologies, we can point out
some critical variations in badland morphology within the Central Anatolian Plateau

badlands. Mainly, landform characteristics of the CAP badlands differ significantly
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under strong lithological control of their morphologies in areas nearby Ankara and
Nigde. The badlands distributed in the vicinity of Ankara are developed on sequences
of terrestrial sediments and lacustrine limestones deposited successively from the
Neogene to the Quaternary (Inci et al., 1988), and they are represented mainly by
rounded slopes, which are formed by mutual interaction of piping and mass
movements. Contrarily, the badlands located north of Nigde in Cappadocia (part of the
Goreme National Park and Rock Sites of Cappadocia) were recognized by the
UNESCO World Heritage List in 1985 because of their fascinating peculiar landscapes
of dissected valleys, hillslopes, and fairy chimneys (Ciner &Aydar, 2019), developed

on Neogene and Quate

The Eastern Anatolia Highland badlands (Figure 6.3) can be distinguished from the
other Turkish badlands by their semi-humid mountain characteristics. Considering
their high mean elevation (~1300 m), abundant annual precipitation (~700 mm), and
large variation between minimum and maximum temperatures (025 °C), the climatic
conditions of this region may imply that badland regoliths in this area are formed
preferentially by the action of freezing-thawing and frost cracking weathering cycles
over the bedrock materials driven by the harsh, winter thermal conditions of the
mountain range. This bedrock weathering mechanism has been described as the
principal regolith production mechanism in several badland areas of semi-humid and
humid mountain landscapes laying in the mountain ranges of the Mediterranean basin,
including the badlands of the Araguas and Vallcebre catchments, the Llobregat basin
in the Spanish Pyrenees (Moreno-de las Heras & Gallart, 2016b; Nadal-Romero &
Regués, 2010; Regués & Gallart, 2004), and the Terres Noires badlands of Draix in
the French Alps (Ariagno et al., 2022; Descroix & Mathys, 2003). Frequently much
younger than arid and semi-arid badlands, high production of regoliths by freezing-
thawing and frost cracking weathering, and high amounts of annual precipitation
provide semi-humid and humid mountain badlands with critical conditions for
producing high erosion and denudation rates (Ariagno et al., 2022; Moreno-de las
Heras & Gallart, 2018). The relatively high NDVI values observed for the identified
Eastern Anatolia Highland badlands (0.6; Figure 6.3) point to the distribution of these
erosive landforms as discrete and spatially discontinuous erosive patches within a
matrix of mixed forest and alpine to sub-alpine vegetation formations, as it has been

commonly described for other mountain badland systems in the Mediterranean region
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(Moreno-de las Heras and Gallart, 2016). The spatial distribution of the Eastern
Anatolia Highland badlands shows coherence with the southern margin of the Eastern
Anatolian Plateau, which is uplifted about 2 km by the collision of the Eurasian-
Arabian lithospheres causing the high relief and mountainous nature (Memis et al.,
2020). Despite the formation of a high gradient regional relief in Eastern Anatolia that
has emerged from the sea level in the last 18 Ma (Memis et al., 2020), the badlands in
this area expose preferentially on Cretaceous clastics (Figure 6.2A; units 8 and 9),
which overall suggests that intense denudation has caused exposing Cretaceous
clastics by tearing off the upper surface lithology (mainly limestones formed on the
NeoTethys Ocean) by river incision (Demir et al., 2007), large landslides (Gorim,
2019), and intense soil erosion (Ering, 1953). These Cretaceous sediments are
prominently eroded by snow-melt runoff and spring showers, which show high flow
velocity conformably with the critical erosion period (March to June) in Eastern
Anatolia (Yucel et al., 2015).

The Plateau-Margin Transition badlands (Figure 6.3) are distributed in the transition
zone from the North Turkish Province (NTP) to the Central Anatolian “ova” Province
(CaoP; Figure 6.2C) determined by Sengor (1987;2020). This region is symmetrical
to the North Anatolian Fault Zone (Ketin, 1948; Sengor, 1979). The present
topography of this region has been formed by fast uplift rates (~20 mm yr~!; McNab
et al., 2018) and river incision rates ranging between 0.15 and 0.45 mm yr' since 540
ka (McClain et al., 2020, 2021). These active processes have influenced badland
formation on pediment surfaces developed on Paleogene clastics (Figure 6.2B, unit 6).
The climate setting (dry sub-humid conditions), modified by the orogenic northern
margin of the CAP, indicates that these badlands have been developed in a transition
zone extending from the semi-arid climate conditions of the CAP (300—-400 mm MAP)
to the humid climate conditions (>800 mm MAP) of the Black Sea coastline. The
coupled effect of dry sub-humid climate conditions and active tectonics suggests,
according to the badland climate classification of Gallart et al. (2002), that these
badlands may show relatively high erosion rates under the moderating control effects

of mild temperatures and mixed forest vegetation (Tatli and Dalfes, 2021).

The last synthetic regional group of Turkish badlands is represented by the Plateau-
Highland transition badlands (Figure 6.3), which display tectonically and

climatologically rather non-uniform environmental conditions. Because of the broad
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longitudinal distribution of this region in the N-S direction, changing geo-
environmental factors control the distribution of badlands in this heterogeneous group
that separates the Central Anatolian Plateau badlands from the Eastern Anatolian
Highland badlands. The joint role of topography and climate accounts for the variation
of Mediterranean climate and low relief conditions in the south of this transition region
to slightly dryer conditions and higher relief in the north. Parallel to the NAF in the
northern section of this region, badlands are sculpted mainly by the effect of mass
wasting processes (Goriim, 2019). These geomorphic processes acting in the badland
surfaces and hillslopes of this region vary from north to south due to relief- derived
local base-level differences. In fact, despite the occurrence of large badlands sculpted
by mass movements in the northern section of this region, patchy and smaller badlands

in the southern section resulted from their relatively lower local relief.

Overall, this regional synthesis of major badland distribution characteristics offers the
first effort for discussing comprehensively the role of a series of geo-environmental
parameters on the organization of Turkish badlands. The analysis of the explored
tectonic, climatic, lithologic, topographic, and vegetation parameters, which are
commonly pointed to as major controls for badland development in the vast literature
(Moreno-de las Heras and Gallart, 2018 and references therein), may show also some
practical limitations for interpreting accurately the origin of the studied badlands,
particularly considering the broad, regional scale approach applied in this thesis and
the variable time dependence of these primary controls on badland development. These
limitations may account, for example, for the impact of other geo-environmental
parameters not explored in this study, such as human effects (e.g., land use, landcover,
and their variations in time). In this sense, although different studies have highlighted
the relevance of human activities (e.g., deforestation, mining, and agricultural
activities) for the expansion and rejuvenation of badlands in areas of Spain (associated
to agricultural settings and quarrying/mining; Gallart, 1992; Ballesteros Canovas et
al., 2017), France (associated to deforestation pulses; Descroix & Gautier, 2002), and
Italy (associated to agricultural expansion and deforestation pulses; Marignani et al.,
2008; Piccarreta et al., 2011; Torri et al., 2018), we can assume a limited imprint of
human actions in the development, in general, massive badland areas explored in this
study. The possible effects of early human actions (e.g., forest clearance, agriculture

and grazing expansion) on the acceleration of soil erosion and sediment fluxes in
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Anatolia, deciphered in the literature by climate reconstructions and palynological
research (Dusar et al., 2011; Eastwood et al., 1998, 2007; Kaniewski et al., 2007),
might have just boosted the erosional tempo of the analyzed badland areas, rather than
developing large badland-dominated landscapes in the scope of this study. The
representative temporal scale of the analyzed geo-environmental parameters,
particularly climate (e.g., present precipitation, temperature seasonality, etc.), may
also impose constraints on our badland development interpretations. However, the
general patterns and characteristics of present climatic gradients in Turkey have been
long-term structured since the Late Miocene, in response to the uplifting of the main
topographic barriers (e.g., Pontides and Torides) and the formation of the Central
Anatolian Plateau (Gladstone et al., 2007). Nonetheless, future works will be required
to analyze and quantify in detail the long-term badland formative linkages suggested
in this study between active structural (mainly tectonic, lithologic, and climatic)
systems and the origin of the analyzed erosive landforms, which will require moving

from the broad, regional-scale applied in this study to smaller spatial scales.

6.2 The Influences of Seasonal Variations in Climate On Weathering Processes

6.2.1 The resilience of regolith as a response of interaction between parent
material and climate characteristics

Regués et al. (1995) highlighted the constraints inherent in experimental investigations
concerning the seasonal patterns of regolith behavior. These studies are limited by their
focus on a single season, neglecting the diverse fluctuations in precipitation and
temperature dynamics observed throughout the rest of the year. However, the
following study by Regiiés & Gallart (2004) has shown the importance of repeated
rainfall simulations in the field to understand seasonal differences in sediment
transport and regolith dynamics. Furthermore, Ariagno et al. (2022) have utilized
historical meteorological and sediment records (2003-2020) to refer sediment flux to
frost-cracking intensity based on daily temperature observations on Draix Catchments
in SE France. Here, we take advantage of cycle-based laboratory experiments to test
our hypothesis on interaction between parent badland material and different climate

settings.

The differential desiccation cracks, crust, fractures, and popcorn formations have been
documented in samples primarily due to their differences in mineralogical, and

climatic conditions in arid and Mediterranean regions, while humid and Cappadocia
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tend to maintain their shard structure over the course of cycles. Arid samples with a
predominance of smectite and illite minerals interact differently with simulated
climatic conditions than Mediterranean samples with dominant clay (smectite, illite,
and kaolinite) and quartz minerals (Table 5.2). Even though Mediterranean samples
broke down in the initial cycles, arid samples maintained their initial conditions until
2"-year cycles (Figure 5.4). These findings are also in line with pond formations,
which are strongly linked to shard breakdown, dispersion and pore blockage based on
dominating mineralogy and grain size in samples. For example, arid samples showed
more pond formations in the second-year cycle (Figure 5.5A), especially in the winter
(6™) and spring (7") seasons, which resulted in turning the samples into gel form when
wetted (Bryan et al., 1978), increasing swelling degree and clogging the pores by
filling with clay-size materials, which overall rendered the samples impermeable. The
lack of pond formation in 3"-year cycles for both in arid and Mediterranean regions
also highlight the importance of highly developed cracks for maintaining infiltration
capacity in the regolith. These results also confirm the observations of Faulkner (2013)
on the supremacy of shrinking over swelling, which keep cracks open and results in
enhanced infiltration rates (Faulkner, 1990). The cumulative volume of leachates
(Figure 5.5A) displays important fluctuations, providing also evidences for the
formation of ponds caused by the breakdown of the materials. This phenomenon is
particularly evident during the 2" -year cycles for arid samples, where a marked
decrease (45% drop, Figure 5.5A) in cumulative volume compared to 1% -year cycles
took place along with an increase in pond formation due to changing regolith

conditions (i.e., increasing swelling degree and pore clogging).
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Table 6. 1: The comparison of initial weights of unweathered samples and final
weights of weathered samples after experiments

Sample ID Samples (S) Container (C) S+C (gr.) S+ C After S After % Weight
Weight (gr.) Weight (gr.) Experiments (gr.)  Experiments (gr.) Change
Al 283.49 46.57 325.87 290.6 244.03 -13.92
A2 280.87 53.45 327.61 304.99 251.54 -10.44
A3 285.56 47.63 324.15 297.86 250.23 -12.37
A4 280.59 46.7 320.67 311.25 264.55 -5.72
M1 281.11 50.58 327.94 277.49 226.91 -19.28
M2 281.8 40.25 314.21 247.46 207.21 -26.47
M3 282.47 47.71 323.63 245.52 197.81 -29.97
H1 280.61 41.87 317.84 308.13 266.26 -5.11
H2 280.34 45.44 321.7 314.11 268.67 -4.16
c1 283.23 47.31 330.54 331.12 283.81 0.00
c2 282.16 44.02 326.18 340.94 296.92 0.00

Across the cycles, disparities in crusts and cracks were recorded for the Mediterranean
and arid samples (Fig. 5.4). In the spring and summer cycles of the 2" and 3" years,
notably in Al and A2 Arid samples, wetting and drying induced thick desiccation
cracks that displayed a repeated pattern. However, Mediterranean samples revealed
thinner, flat crusts with deep joints. Instead, humid samples are kept their physical
stability through experiments due their very low SAR and EC accompanied by
relatively high contents of CaCOswhich may increase very importantly the stability of
the materials. These records, particularly in humid samples, differ from other studies
in terms of the dominant season as main contributor to regolith development. The plot-
experiments showed that frost-cracking (Ariagno et al., 2021) and regolith alterations
(Nadal-Romero & Regués, 2010) become more apparent in winter seasons in
Mediterranean mountain climate conditions. On the other hand, the other laboratory
experiments-based studies, for example, Canton et al. (2001) which shows the
dominance of wetting and drying on weathering processes, confirm our observations
for arid and Mediterranean samples. Even though weathering in nature simultaneously
accompanies various physical and chemical disintegration processes over the different
seasons, this might also shed light on the differential relationship between regolith

development and the conditions of spring—summer seasons due to the higher insolation
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and swelling potentials in the arid region. An important point that should be underlined
for the Mediterranean region, is higher weight losses in samples during the simulated
cycles than for other regions (Table 6.1). These findings suggest that the occurrence
prolonged dry spells, which characterize summer season under Mediterranean climate
(Lana et al., 2008; Akbas, 2023), can speed up the disintegration of shards into easily
transportable material. Although the primary focus of this work was the analysis of the
seasonal effects of climate on weathering processes, we may also point out the
significance of these results for the badland sediment fluxes throughout the year. After
dry-spell induced crack formation and defragmentation of surface badland materials
during summer, subsequent fall rainfalls can quickly lead to erosion and sediment
mobilization, especially in the study Mediterranean and Arid region badlands.

It is also important to highlight that some limitations of cycle-based laboratory
experiments such as the duration of each cycle (1 day in our experiments) may have
potentially influenced our results even though every environment has its dynamics.
For example, popcorn formation, which is commonly observed on marly sediments,
were only recorded on A2 in the last two cycles. Furthermore, even though the humid
region had harsh winter conditions, we did not observe the breaking down of the
sediment which frost-cracking and freeze-thawing processes are main processes under

similar conditions.

6.2.2 Geochemical proxies for weathering processes under seasonal contrast of
precipitation and temperature conditions

The hypothesis that the formation of badlands is strongly linked to seasonal climatic
factors has been proposed since the milestone study by Bryan and Yair (1982).
However, despite previous laboratory and plot-scale experiments conducted in
generally stable climatic conditions, this assumption has not been thoroughly
evaluated. Conducting experiments through cycles and observing corresponding
variations in geochemical indicators can give support to this overarching hypothesis,
and obtained fluctuations in geochemical indicators as a response to simulated wetting
and drying conditions may serve as effective proxies for investigating certain types
and trends of weathering processes. Consequently, leachate chemistry properties i.e.,
pH, EC, cations, anions, SAR, etc. has been used extensively in research to describe

the type and rate of weathering processes (Canton et al., 2003; Faulkner et al., 2000,
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2004; Kasanin-Grubin, 2013; Nadal-Romero et al., 2007; Romero Diaz et al., 2007;
Summa et al., 2007; Wells et al., 2006).

These results are consistent with the findings of Xie et al. (2022), where ions, pH, and
EC concentrations were shown to dominate in response to cycle-based experiments on
badlands landscapes. Moreover, the high correlations observed for cations may be
attributed to their major mineralogical and chemical compositions (Table 5.2) in the

sediment.

The most striking result to emerge from experiments is noticeable regular trends of
Na* over cycles, particularly in arid and Mediterranean samples (Figure 5.6). These
fluctuations become more evident in the leaches of samples for the arid region
characterized by dominant smectite minerals and presence of analcime and high SAR,
which show a recurrent cyclic pattern of Na* increasing from fall to spring. Even
though Ca?* displays some degree similar regular trend as Na*, we can argue that Na*
induced-dispersion of clay minerals may surpass the stabilizing influence of Ca?* that
promotes aggregation of sediments via flocculation, due to the higher total
concentrations of Na* over Ca?* evidenced by the very high SAR of the arid samples.
Moreover, a slight decreasing trend of pH which shifts from strong alkaline conditions
to less alkaline concurrently might accelerate velocity of the weathering processes,
especially in the second-year cycles in arid samples. This recurrent pattern suggests
that the spring season which is marked by convectional rainfalls in arid region largely
contribute to weathering processes more than other seasons. Furthermore, this rising
tendency over the course of a year from fall to spring implies repeated and gradual
exposure of a new regolith layers to simulations of precipitation, which can lead to the
release of higher ion concentrations. Mediterranean samples, with moderate to low
SAR and composed of smectite, quartz and illite (Figure 5.6), exhibit for all cations
ever-increasing trends (from fall to spring) in the first-year cycles while subsequently
winters come into prominence with their peak values over other seasons (Figure 5.6).
This observation is also supported by EC (Figure 5.6), which has an overall strong
significant correlation with K*, Mg?*, Ca?*and Na* leachate contents (Figure 5.7).
These results might be explained by the impacts of the seasonal precipitation regime
of Mediterranean region, where climatic seasonality is evident with the supremacy of
winter precipitation (Lana et al., 2008, Avcioglu et al. 2022, and Akbas, 2023) that

concentrates 43% of mean annual precipitation in the study Mediterranean region
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badlands (Table 4.2). These winter cycles that release Na* and Ca?* contents in the
Mediterranean samples could boost the chemical reactivity of the smectite and illite
minerals, which might lead to enhanced alteration of minerals (i.e., hydration) and
sediment transport, as the increased water content can reduce internal friction and
allow sediments to be easily transported. EC and Ca?" concentrations are more likely
to increase during winter cycles in the leachates of humid and Cappadocia badland
samples, while other indicators remain irregular throughout the course of simulated
cycles and years. This may explain the surficial responses of the humid and
Cappadocia badland samples to our weathering experiments, where these samples
characterized by very low SAR and EC kept their internal stability and did not break
down due to the preponderance of Ca?* over other indicators.

6.3. Topographic Imprints of Badlands

The quantitative catchment descriptors such as slope-area relation has been broadly
used in determination of topographic thresholds of gully head (Tarolli & Dalla
Fontana, 2009; Majhi et al., 2021; Rossi et al., 2022), process domains in badlands
(Vergari et al., 2019), topographic signature of landslides (Meunier et al., 2008),
understanding of land surface properties influences on landscape morphology
(‘Yetemen et al., 2010). The division of the landscape into various drainage and slope
regimes, such as hillslopes, unchanneled valleys, channels with the dominances debris
flows, and alluvial channels has been suggested by different researchers (ljjasz-
Vasquez & Bras, 1995; Montgomery & Dietrich, 1992) to interpret and decipher the
morphological evolution of landscape. Here, the slope-area relation analyses of this
thesis have revealed the topographic position of badlands by comparing the badland
sites from Turkey with globally known badland sites. The obtained results showed that
badlands are placed up to 10* to 10° m? contribution areas which are considered
arguably 11 scaling regime which refers to unchanneled valleys (Montgomery &
Foufoula-Georgiou, 1993). On the other hand, it should be taken into account that
average upper quantile (75" percentile) of contribution areas is 177 m? (Table 6.2),
therefore it substantially differs from maximum values and indicates that badlands are

located to hillslopes and hillslope to unchanneled valley transition.
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Table 6. 2: The contribution areas (m?) comparison of badland sites and their
corresponding catchments. Total area represents the polygon areas (in km?) both in
badlands and catchments.

Badlands Utah South Murcia  Saldes Lombard Basilicat Burdur  Tosya Taiwan
Dakota y a
mean 467.2 2834 385.7 291.9 285.4 165.0 224.2 627.3 224.2
std 1963.5 923.1 1439.3 804.7 732.9 469.7 683.8 2531.7 683.8
min 25.0 25.0 249 25.0 25.0 25.0 25.0 24.9 25.0
25% 50.0 25.0 49.8 50.0 50.0 49.9 50.0 49.9 50.0
50% 75.0 50.0 74.8 75.0 75.0 74.9 75.0 99.8 75.0
75% 175.0 149.9 149.5 174.9 200.0 149.8 175.0 249.4 175.0
max 4 E+04 2.E+04 4 E+04 2.E+04 1.E+04 2.E+04 4.E+04 6.E+04 4 E+04
Total Area 9.5 10.9 5.9 14 2.1 0.6 32.2 4.48 5.2
(km?)
Catchment
mean 2.E+04 1.E+05 5.E+04 7.E+04 7.E+04 3.E+04 6.E+04  4.E+04 1.E+05
std 3.E+05 2.E+06 1.E+06 2.E+06 2.E+06 4.E+05 1.E+06  9.E+05 3.E+06
min 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
25% 50.0 50.0 49.9 50.0 50.0 49.9 50.0 49.9 49.9
50% 75.0 75.0 124.9 150.0 150.0 99.8 99.9 99.9 124.8
75% 249.9 274.9 374.6 474.9 450.0 299.4 249.8 349.6 274.5
max 1.E+07 7.E+07 4.E+07 1.E+08 1.E+08 1.E+07 6.E+07  4.E+07 2.E+08
Total Area 155 67.3 44.78 102 174 135 56.9 40 80
(km?)

The differences between upper quantile and maximum contribution area in all badland
sites might point to a transition in dominant sediment processes within different section
of badland landforms. In this context, diffusive (hillslope) processes are can be
identified in the slopes and ridges, while gully channels of the badlands may depict a
transition to linear (fluvial) processes. It also should be noted that even though slope-
area relation has been highly used, there is no consensus on determination of thresholds
of scaling regimes in the literature. For example, Meunier et al. (2008) interpreted that
3.2 km? is the break point in scaling regime from hillslopes to fluvial channels in the
mountainous environment for landslides while Yetemen et al., (2010) distinguished

scaling regime 1 and Il with ~600 m? in two semi-arid basins with gentle topography

60



in New Mexico. Therefore, it is important to consider how diverse tectonic, climatic,

and lithologic settings result in different scaling regimes for the slope-area relation.

Table 6. 3: The gradient (m m™) comparison of badland sites and their
corresponding catchments.

Utah  South Dakota  Murcia Saldes Lombardy Basilicata Burdur Tosya Taiwan

Badlands
mean 0.63 0.36 0.62 0.48 0.57 043 0.57 0.69 0.57
std 0.39 0.34 0.29 0.28 0.37 0.32 0.26 0.29 0.26
min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25% 0.39 0.11 0.42 0.27 0.38 0.17 0.42 0.42 0.42
50% 0.66 0.26 0.66 0.47 0.54 0.37 0.58 0.71 0.58
75% 0.82 0.53 0.83 0.66 0.70 0.67 0.72 0.85 0.72
max 17.92 3.20 6.43 2.74 6.02 1.98 2.16 3.40 2.16

Catchment
mean 0.44 0.08 0.37 0.53 0.18 0.32 0.40 0.40 0.33
std 0.56 0.17 0.25 0.39 0.20 0.28 0.23 0.28 0.25
min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25% 0.05 0.01 0.18 0.29 0.01 0.14 0.21 0.20 0.12
50% 0.32 0.02 0.35 0.49 0.14 0.25 0.39 0.40 0.31
75% 0.72 0.07 0.51 0.67 0.28 0.43 0.58 0.60 0.48
max 17.92 3.20 6.42 16.87 6.02 8.65 4.18 3.40 5.14

The slope-area relation, concurrently, might decipher the dynamics of local tectonic
settings (Yetemen et al., 2010), in line with this capability of slope-area relation, the
findings of this thesis also support this relation. The badland areas in Tosya and Murcia
stands out with the 50" percentile (i.e., median) gradient values of 0.7 and 0.66 m m*
(Table 6.3) which located in close proximity to active fault zones, NAF and Alahama
de Murcia Fault, respectively. While these value decrease to 0.25 in South Dakota
which is tectonically inactive areas. Remarkably, Caineville badlands illustrate high
gradient values of 0.66 m m™ even though it is characterized by tectonically quiescent
area. This finding might be explained by the badland/catchment areas ratio, 65% for
Caineville. Because the overall badlands areas (avg. 0.54 m m™) are characterized by

higher gradient values than catchment’s gradient (avg. 0.34 m m?), as
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badland/catchment ratio increases average gradient values concurrently increase in
these areas. It is also possible that the fact that the Caineville badlands are primarily
consist of the tablelands' escarpments, which are made up of steep hillslopes,

contributes to the higher gradient values in badlands.
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7. CONCLUSION

The purpose of this thesis was to clarify regional characteristics, climate weathering
interaction, and topographic positions of badlands in Turkey by identifying,
evaluating, and comprehending the geomorphic, geochemical, and geomorphometric
properties of the Turkish badlands using a comprehensive plot to regional scale
approaches.

In this context, a broad, regional inventory of badland units covering a total 4494 km?
area over Turkey have been determined the first part of the thesis. In contrast to other
site specific, local studies on badland distribution and their geomorphic characteristics,
this thesis offers a first national-scale regional assessment of the distribution of
badland landscapes by considering a wide set of geo- environmental conditioning
factors linked to their development as proxies to characterize spatially homogeneous
badland regions. Based on a machine learning algorithm (i.e., k-means clustering
analyses) using a combination of climatic, lithologic, topographic, and vegetation
parameters, we defined five distinctive badland regions over Turkey: (1)
Mediterranean badlands distributed in a territory characterized by a remarkable
precipitation seasonality and hilly topography; (2) Central Anatolian Plateau bad-
lands, extensively influenced by orogenic plateau characteristics displaying the dryest
(arid and semi-arid) conditions; (3) Eastern Anatolia Highland badlands, laying in a
mountainous humid environment with the highest altitudes (~1300 m) and relief (~800
m); and two further regions, (4) the Plateau-Margin Transition badlands and (5) the
Plateau-Highland Transition badlands, distributed within a tectonically active

environment along with a climatic transition between the humid and arid regions.

Long-term topographic and climatic modifications resulting from Turkey’s tectonic
history play, apart from dominant lithological controls, a primary role in organizing
badland landscape characteristics and their distribution in the territory. In fact, the high
amount of badland units throughout the Central Anatolian Plateau (CAP) as well as
their distinctive spatial patterns and diversity in transition zones across active margins
(i.e., the Pontides and Taurides) suggest that superimposed effects of lithologic,

tectonic, and climatic dynamics largely rule the regional characteristics of these
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badland landscapes. Furthermore, results show a spatial coincidence of the distribution
of confined badlands with active fault zones (i.e., NAF, EAF, and WAHG), which may
have broadly contributed to the development and extension of relatively young
badlands, especially in northern and western Anatolia. This spatial pattern suggests a
profound link between badland generation and active structural systems that need to
be analysed and quantified in detail by future studies, especially regarding long-term

formative linkages.

The second part of thesis showed the sequential laboratory experiments to analyze the
seasonal influences of climate on weathering processes in unconsolidated sedimentary
environments of badland landscapes with contrasted climate conditions and diverse
parent materials. Overall, this part demonstrated that the leachate cations and pH
exhibit sinusoidal trends, especially for samples of arid and Mediterranean badland
regions where marly sediments and unconsolidated sandstone are present,
respectively. These trends become more evident for the release of Na* cation in the
leachates obtained in samples of the arid region characterized by high SAR, which
show a consistent increasing pattern from fall to spring seasons in our 3-years
experiments. This sinusoidal pattern suggests that Na* induced dispersion of marly
sediments composed of dominant swelling clay minerals (48-72% smectite) could
potentially be accelerated during spring seasons, in line with concurrently decreasing
pH that makes the environment less alkaline. In addition, winter season might
contribute more than other seasons to the flocculation of sediments for samples of the
Mediterranean region badlands, which could make them more stable. This result is
supported by the rising Ca* release compared to other ions in winter, accompanied by
higher leachate EC concentrations. Results of physical behavior samples, which
included seasonal formation of thick crusts and desiccation cracks in spring and
summer for the arid region samples as well as deep joints and thin crusts for the
Mediterranean region samples, also confirm our observations regarding chemical
weathering processes. Differently, samples of the humid and Cappadocia badland
regions, characterized by low SAR and EC, kept their surficial and internal stabilities
throughout the cycles, even though they were exposed to colder conditions than other

regions, simulated by snowfall during winter cycles.

The third and last part of thesis investigated the geomorphometric properties (i.e.,

topographical positions of badlands) of Turkish badlands by comparing with the
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globally known badlands sites from USA, Spain, Italy, and Taiwan. The results
showed that the topographic imprints of badlands in the context of the sub-catchment
scale may depict an appropriate instance of a transitional domain from a diffusive
erosional process to a fluvial erosion process. The signature of tectonically active
settings on badlands areas has been recorded with higher gradient values in Tosya,
Turkey, and Murcia, Spain. On the other hand, the importance of topographic positions
of badlands has been also illustrated with slope-area plots in Caineville, USA which is
located on the escarpments of tablelands with higher gradient value while this site is

tectonically inactive.
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