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Abstract14

The interaction and competition between magmatic and tectonic processes mostly control

the spatial distribution and morphology of monogenetic volcanoes. The Central Anatolian

Volcanic Province (CAVP) situated in a strike-slip environment provides a remarkable

opportunity to understand this relation. In this study, we de�ned six monogenetic vol-

canic �elds within the CAVP and analyzed a total number of 540 monogenetic volcanoes

in terms of morphological and spatial characteristics. The morphological characteristics

favour the dominant role of magmatic eruptions over the phreatomagmatic ones sup-

ported by the types of monogenetic volcanoes. The �ank slopes are probably the best

morphometric parameters that display a correlation with the ages, and hence its usage

in the relative-dating studies might be promoted. The spatial distribution of the vents in

the CAVP shows a self-similar (fractal) clustering that obeys the power-law distribution

de�ned over a range of lower (Lco) and upper (Uco) cut-o� distances. The computed

fractal dimensions (Df ) of the six monogenetic volcanic �elds vary in the range of 1.16 to

1.80, possibly due to the slight variation in the crustal thickness and fracture distribution.

Uco values interpreted as the initial depth of dike intrusions are well-correlated with the

local tectonics and vary from north (8.5 to 12 km) to south (16 km).

Both clustered and non-clustered vent distributions are observed in the CAVP according

to the Poisson nearest neighbor analysis. The former case indicates the vents formed by
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a single centralized plumbing system (e.g. Erciyes volcanic complex "EVC"), while the

latter refers to the formation of vents through the independent shallow or deep magma

reservoirs (e.g. Ac�göl volcanic complex). The pre-existing fractures and the changes in

the local and regional stress �elds are the prevalent mechanisms for the emplacement

and the spatial distribution of vents. The EVC having formed along the Central Anato-

lian Fault Zone (CAFZ) is here considered as a magmatic transfer zone mostly inferred

from the presence of many strike-slip features, rotation of extension axis, and the radial

pattern of the vents. Through the western parts of CAVP, the vent alignments are al-

most perpendicular to the regional extension axis and parallel to the orientation of the

Tuz Gölü Fault Zone (TGFZ) where the pre-existing fractures are probably the primary

mechanisms on their formations.

Our comprehensive approach together with the analysis of well-established literature re-

veals that the collision along the Bitlis suture zone in the middle Miocene and subsequent

westward tectonic escape of the Anatolia along the major fault zones have mostly con-

trolled the volcanism not only in eastern Anatolia but also in the CAVP. In this scenario,

we suggest that the CAFZ has been the main mechanism for the propagation of mantle-

derived magmas and completely shaped the spatial distribution of the volcanoes in the

CAVP with the help of crustal-depth TGFZ and other tectonic features. Our recent

�ndings presented here will hopefully o�er new insights into the understanding of CAVP

volcanism and the intended future volcanic risk assessment studies.

Keywords: Self-Similar Clustering, Vent Alignment, Strike-Slip Tectonism,15

Monogenetic Volcanism, Cenral Anatolian Volcanic Province16

1. Introduction17

Monogenetic volcanic �elds (hereafter MVFs) are the most common volcanic land-18

forms on Earth and can be found in all tectonic settings but mostly in extensional environ-19

ments (e.g. Le Corvec et al., 2013a). Monogenetic edi�ces are small volume volcanoes (<20

1 km3) formed by one continuous or many discontinuous small dry and/or wet eruptions21

(Németh and Kereszturi, 2015). Surface morphology a�ected by internal (e.g. magma22

rheology, rate of ascent, and magma/water ratio) and external (e.g. tectonic features, cli-23

mate) factors reveals various types including scoria cones, maars (maar-diatremes), spat-24

ter cones, lava domes, tu� cones and tu� rings (Németh, 2010; Kereszturi and Németh,25
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2012a; Németh and Kereszturi, 2015; Németh and Kósik, 2020). Scoria cones and maars,26

which are generally ma�c to intermediate in composition, are the most common mono-27

genetic edi�ces (Lorenz, 1975; Settle, 1979). MVFs consist of tens to several hundreds of28

volcanic centers that create either their own �elds (e.g. Michoacan-Guanajuato Volcanic29

Field, Mexico, Connor, 1987) or are located at the �anks of composite volcanoes (e.g.30

Mauna Kea Volcano, Porter, 1972; Mount Etna Volcano, Mazzarini and Armienti, 2001).31

The spatial distribution of vents in the MVFs has been analyzed by di�erent methods (e.g.32

self-similar clustering, vent alignment analysis) for several decades to understand the link33

between tectonism and magmatism (Connor, 1987; Le Corvec et al., 2013a; Muirhead34

et al., 2015; Haag et al., 2019; Murcia et al., 2019; Cañón-Tapia, 2020). As each volcanic35

center represents the last point of magma pathway en-route to the surface either from36

the shallow (e.g. lava domes) or deep (e.g. scoria cones) magma reservoirs, the alignment37

and/or clustering of these vents in the MVFs are the possible surface expressions of the38

magma plumbing systems especially in the brittle upper crust (e.g. Brenna et al., 2011;39

Germa et al., 2013; Le Corvec et al., 2013a; Muirhead et al., 2015).40

The morphological analysis of monogenetic volcanoes (mostly scoria cones) also provides41

new insights into the understanding of both internal and external factors in their forma-42

tion (Wood, 1980; Riedel et al., 2003; Dóniz et al., 2008; Favalli et al., 2009; Rodriguez-43

Gonzalez et al., 2010; Inbar et al., 2011; Kereszturi et al., 2012; Kervyn et al., 2012;44

Bemis and Ferencz, 2017). The morphometry-based studies mostly tackled the reasons45

for various sizes and shape, and the factors (e.g. magma rheology, degradation processes,46

climate) responsible for these morphometric di�erences in monogenetic volcanoes. Most47

of the interpretations related to morphology have been generally considered as indirectly48

contributing to the tectonomagmatic evolution of MVFs, but the role of fault geometry in49

the eruptive dynamics and morphology has been recently revealed (Gómez-Vasconcelos50

et al., 2020). There are also many attempts to explore the possible link between the tem-51

poral evolution of MVFs and the morphology (i.e. relative dating of scoria cones) and also52

a few more suggesting the fractal behaviour of size-distribution (i.e. width of scoria cones,53

Kurokawal et al. 1995; Pérez-López et al., 2011; Uslular et al., 2015). Consequently, the54

con�ation of the various approaches mentioned above for a better understanding of the55

whole evolutionary mechanisms in the MVFs does certainly provide new insight into the56

possible link between tectonism and volcanism.57
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In this study, we performed morphological, statistical (self-similar clustering, princi-58

pal component, vent-to-vent distance, Poisson nearest neighbour), and vent alignment59

analyses on Quaternary monogenetic vents in the Central Anatolian Volcanic Province60

(CAVP), one of the most spectacular volcanic �elds in Anatolia with various types of61

Miocene-Quaternary polygenetic and several hundreds of Quaternary monogenetic volca-62

noes (Toprak, 1998) (Fig. 1). We revised the comprehensive database of Arcasoy (2001)63

by selecting the most representative Quaternary monogenetic vents (540) and classi�ed64

them based on their types (i.e. scoria cone, lava dome and maar). Here, we focused espe-65

cially on the scoria cones and lava domes to de�ne their morphological characteristics and66

to create a link between their spatial distributions and the tectonism in the CAVP. Our67

approach presented in this study will certainly contribute to the understanding of the68

well-known role of tectonism on the widespread volcanism in the CAVP (e.g. Pasquare69

et al., 1988; Göncüo§lu and Toprak, 1992; Toprak and Göncüoglu, 1993; Dhont et al.,70

1998; Toprak, 1998) by providing new insight into the mechanical behaviour of the crust71

beneath the region.72

2. Quaternary Monogenetic Clusters in the CAVP73

Central Anatolia is a high plateau (∼ 1 km a.s.l; Çiner et al., 2015) within a rela-74

tively small region (300 x 400 km) located at the K�r³ehir block between Pontide and75

Anatolide-Tauride orogenic mountain belts (e.g. Okay and Tüysüz, 1999) (Fig. 1A). Vol-76

canism has initiated in the late Cretaceous within the Sakarya zone (NW of K�r³ehir77

block; Galatia volcanics; ca. 76 Ma, Koçyi§it and Beyhan, 1998) during the almost co-78

eval closure of the northern Neo-Tethys ocean along the �zmir-Ankara-Erzincan suture79

zone (e.g. Okay and Tüysüz, 1999; Pourteau et al., 2013) (Fig. 1A). After the initia-80

tion of a collision between Arabian and Eurasian plates along the Bitlis suture zone that81

resulted in the closure of the southern Neo-Tethys during the middle Miocene (Okay82

et al., 2010; Cavazza et al., 2018), the volcanism has continued in the Galatia (ca. 1983

Ma to Pliocene?; Wilson et al., 1997) and spread throughout the approximate borders of84

K�r³ehir block (Karacada§ to the west, ca. 21-14 Ma, Asan and Kurt, 2011; Erenlerda§-85

Alacada§-Suluta³ to the southwest, ca. 22-3 Ma, e.g. Genço§lu-Korkmaz et al., 2017;86

Sivas to the east, ca. 23-4 Ma, e.g. Kocaarslan and Ersoy, 2018; Reid et al., 2019). The87

CAVP within this realm is located at the southern part of K�r³ehir block and extending88
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through the Anatolide-Tauride platform as a NE-SW trending volcanic belt bounded by89

two major transcurrent faults, Tuz Gölü Fault Zone (TGFZ) and Central Anatolian Fault90

Zone (CAFZ) with its southern component Ecemi³ fault (Toprak and Göncüoglu, 1993;91

Koçyi§it and Beyhan, 1998; Çemen et al., 1999; Koçyi§it and Erol, 2001) (Fig. 1B). The92

extensional tectonic regime in the CAVP has been possibly active since late Miocene93

(e.g. Göncüo§lu and Toprak, 1992; Dhont et al., 1998; Özsay�n et al., 2013). The NNW-94

SSE to NE-SW compressional stress regime tailed o� in the late Miocene (e.g. Özsay�n95

et al., 2013), and subsequently, the extensional regime along with the N-S to NE-SW96

trending has been active during the Pliocene-Quaternary period (Göncüo§lu and Toprak,97

1992). The widespread volcanism initiated during the middle Miocene and continued to98

the Holocene times hinged on the available geochronology data (13.7 ± 0.3 Ma, K-Ar,99

Keçikalesi caldera, Besang et al., 1977; 8.97 ± 0.64 ka, (U-Th)/He, 2σ, Hasanda§ strato-100

volcano, Schmitt et al., 2014; Fig. 1B). There are also some recent attempts to explore101

this relatively complex geodynamic setting and its role in the evolution of widespread102

CAVP volcanism (Bartol and Govers, 2014; Delph et al., 2017; Gö§ü³ et al., 2017; Reid103

et al., 2017; Di Giuseppe et al., 2018; Rabayrol et al., 2019). Although details of these104

geodynamic models are beyond the scope of this study, we are here required to brie�y105

explain them for a better understanding of the evolutionary processes, especially in the106

Quaternary period. Roll-back of the Cyprus slab since early (e.g. Biryol et al., 2011;107

Rabayrol et al., 2019) or middle (Abgarmi et al., 2017) Miocene resulted in the delamina-108

tion (Bartol and Govers, 2014; Delph et al., 2017) or dripping (Gö§ü³ et al., 2017) of the109

sub-continental lithospheric mantle (SCLM). This has been considered as the initiation110

of the CAVP volcanism (especially ignimbrite �are-ups; e.g. Aydar et al., 2012) pertain-111

ing to the uprising asthenosphere (e.g. Delph et al., 2017). Subsequent break-o� of the112

subducting African lithosphere, which is coeval with the uplift of the central Anatolia113

(ca. 8 Ma; Cosentino et al., 2012; Schildgen et al., 2014) and leads to the upwelling of114

asthenosphere through the gap, has been mainly linked with the late Miocene to recent115

volcanism in the CAVP (Abgarmi et al., 2017; Delph et al., 2017; Reid et al., 2017;116

Schlei�arth et al., 2018). However, there are some interrogable parts in the evolutionary117

models, e.g. temporally scattered pattern of volcanism (at least within the CAVP, cf.118

Schlei�arth et al., 2018; Rabayrol et al., 2019); the presence of alternative mechanisms119

for thin SCLM, regional uplift and even upwelling asthenosphere in the post-collisional120
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settings (e.g. Gençalio§lu-Ku³cu and Geneli, 2010; Kaislaniemi et al., 2014); and also121

the existence of heterogeneous mantle source composed of dominantly metasomatized122

SCLM with a limited contribution of almost geochemically unrevealable asthenosphere123

(Uslular and Gençalio§lu-Ku³cu, 2019b). Alternatively, with some more critics on the124

available models, Rabayrol et al. (2019) proposed a new and disputable model involving125

the slab-tearing (Arabian segment) and partial SCLM removal during the last 16.5 Ma as126

a possible mechanism for the widespread volcanism in both central and eastern Anatolia.127

In summary, the CAVP within an extensional tectonic regime has been currently sitting128

on a ca. 35-40 km thick crust including low seismic velocity layers ranging from 15 to129

25 km depth (possible crustal magma reservoirs; Abgarmi et al., 2017) that overlies the130

relatively thin metasomatized SCLM and an underlying hot asthenosphere.131

The CAVP exhibits many spectacular volcanic landscapes including Miocene-Pliocene132

widespread ignimbrites with well-preserved fairy-chimneys (e.g. Aydar et al., 2012; Çiner133

and Aydar, 2019), various types of Miocene-Quaternary polygenetic volcanoes (e.g. Hasan-134

da§ and Erciyes stratovolcanoes, Keçikalesi and Ac�göl calderas) and numerous (> 800)135

Quaternary monogenetic volcanoes (dominantly scoria cones with subordinate domes and136

a few maars and tu� rings) (Toprak, 1998; Arcasoy, 2001; Arcasoy et al., 2004). Mono-137

genetic volcanoes in the CAVP, as the main subject of this study, are formed either on138

the �anks of polygenetic volcanoes (e.g. Erciyes stratovolcano) or as a resurgent phase in139

calderas (e.g. Ac�göl and Derinkuyu calderas), or in their own MVFs (E§rikuyu and Kara-140

p�nar monogenetic �elds) (Toprak, 1998; Uslular et al., 2015; Uslular and Gençalio§lu-141

Ku³cu, 2019b) (Fig. 1B). They are mainly clustered in six distinct regions (Fig. 1B)142

based on the spatial distributions of vents and also volcanological evolution of the adja-143

cent �eld (slightly modi�ed after Toprak, 1998). In the following section, we give some144

introductory information about the volcanological evolution of these MVFs in the light145

of well-established literature.146

2.1. Erciyes Volcanic Complex (EVC)147

The volcanological evolution of EVC is represented by two successive stratovolcano148

formations (�en, 1997; �en et al., 2003) (Figs. 1B and 2). Koçda§ stratovolcano represents149

the older stage consisting of lava �ows and pyroclastics related to initial scoria cone-150

forming eruptions, and pyroclastic fall and �ow deposits formed by the latter caldera-151
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forming eruptions (�en et al., 2003). Of these, Valibaba Tepe ignimbrite (2.52 ± 0.49152

Ma; Aydar et al., 2012) with a volume of 40 km3 is considered as the last product of the153

Koçda§ stage (�en et al., 2003). However, a scoria cone (K�z�ltepe) that belongs to the154

older phase of Koçda§ stage has been recently dated as 0.71 ± 0.02 Ma (Do§an-Külahç�155

et al., 2018), and hence there is a need for reconsideration of the temporal evolution of this156

stage. Mount Erciyes (Argus in Latin, �rstly mentioned in Strabo's book of 'Geographica',157

Hamilton and Falconer, 1903) is a spectacular Quaternary stratovolcano formed in a pull-158

apart basin and represents the last stage of EVC (�en, 1997; Toprak, 1998; �en et al.,159

2003; Aydar et al., 2019) (Figs. 1B and 2). Erciyes stage is characterized by two eruptive160

cycles: in one, andesitic-dacitic lava domes and basaltic andesitic scoria cones with related161

lava �ows (also a maar, namely Cora; Gençalio§lu-Ku³cu et al., 2007) emanated from162

e�usive-explosive eruptions formed the main volcano edi�ce, whereas, in the other, more163

dominant explosive eruptions generated lava domes and related deposits at the summit of164

Erciyes stratovolcano (�en et al., 2003). Most of the monogenetic volcanoes are located165

at the �anks of Erciyes stratovolcano with an almost radial spatial trend (dominantly166

NE-SW; Table 1). Although the signi�cant number of vents are Pleistocene in age, there167

also some Holocene lava dome activity in the EVC (�en et al., 2003; Sar�kaya et al., 2019;168

Friedrichs et al., 2020b). Some of the individual monogenetic volcanoes were investigated169

in terms of both volcanological and petrological characteristics. Dikkart�n lava dome with170

a rhyodacitic composition is one of the most studied monogenetic volcanoes in the EVC,171

and its age (10.3 ± 0.5 ka, 36Cl, Sar�kaya et al., 2019; 7.9 ± 0.5 ka, 1σ, (U-Th)/He,172

Friedrichs et al., 2020b), tephra dispersion (> 600 km away from its source towards the173

southeastern part of Mediterranean; Hamann et al., 2010) and depositional characteristics174

(�en et al., 2002; Ersoy et al., 2019) are well established. In addition, Cora maar with a175

basaltic andesitic composition is the only well-preserved phreatomagmatic edi�ce in the176

EVC and displays almost all characteristic features of base-surge deposits observed in177

maar volcanoes (e.g. dunes, accretionary lapilli, cauli�ower bombs; Gençalio§lu-Ku³cu178

et al., 2007; Gençalio§lu-Ku³cu, 2011). Moreover, Higgins et al. (2015) dated two aligned179

lava domes near Dikkart�n (210 ± 18 ka and 580 ± 130 ka, 2σ, Ar-Ar) and also claimed180

that the most dominant trend of the vents especially those in the southwestern �ank is181

N32◦E based on the spatial analysis of vent distribution (parallel to the main trend of182

CAFZ; e.g. Koçyi§it and Beyhan, 1998), indicating a WNW-ESE extension along the183
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NNE trending Dündarl�-Erciyes fault (DEF, Fig.2).184

2.2. Nev³ehir-Ac�göl Volcanic Complex (NAVC)185

Two distinct calderas (namely Nev³ehir and Ac�göl) with related voluminous ign-186

imbrites and numerous monogenetic volcanoes (mostly lava domes and scoria cones with187

a few maars and tu� rings) characterize the volcanological evolution of the NAVC (Ay-188

dar et al., 2011). Some of the older ignimbrite deposits in the CAVP are considered to189

emanate from a buried caldera corresponding to a depression within the NAVC (Aydar190

et al., 2012) (Figs. 1B and 2). This depression with a 15 km sub-circular shape is only191

detected by geophysical surveys (Froger et al., 1998; Ulusoy et al.; Aydar et al., 2011);192

nevertheless it is one of the most probable candidates for so-called "Nev³ehir" caldera193

that is the source of these two older and widespread ignimbrite deposits supported by194

some stratigraphical and structural �ndings (e.g. Le Pennec et al., 1994; Froger et al.,195

1998). There are a few lava domes along the Derinkuyu fault (DF) that probably post-196

date the Nev³ehir caldera (Figs. 1B and 2).197

Ac�göl (or Kocada§) caldera is located at the western part of buried Nev³ehir caldera198

and involves the youngest ignimbrite deposits (namely Kumtepe, Aydar et al., 2012) and199

various monogenetic volcanoes in the CAVP (Y�ld�r�m and Özgür, 1981; Druitt et al.,200

1995; Froger et al., 1998; Mouralis et al., 2002; Schmitt et al., 2011). Although still201

there is no consensus on the exact location and hence the boundaries of the caldera (e.g.202

Y�ld�r�m and Özgür, 1981; Druitt et al., 1995; Froger et al., 1998), the preferred location203

and the shape (ellipsoidal with the dimensions of 8 x 12 km; Fig. 2) seem more promising204

(Y�ld�r�m and Özgür, 1981). Kumtepe ignimbrite consists of two successive eruption units205

separated by paleosols and scoria fall deposits, namely the Lower and Upper Ac�göl Tu�s206

(LAT and UAT, respectively; Druitt et al., 1995; Aydar et al., 2011). The recently up-207

dated ages of these deposits are 190 ± 11 ka (LAT) and 164 ± 4 ka (UAT; 1σ; U-Th/He208

on zircon; At�c� et al., 2019). The resurgent lava domes with dacitic to rhyolitic composi-209

tion (e.g. Türkecan et al., 2004; Siebel et al., 2011) are the most abundant monogenetic210

edi�ces in Ac�göl caldera (Table 1), and they form two spatially distinct clusters: the211

�rst one consisting of older domes in the east (e.g. Kocada§, 190 ± 26 ka; Ta³kesik, 147212

± 18 ka; (U-Th)/He, 2σ, Schmitt et al., 2011), and the second one involving younger213

domes in the west (e.g. Kalecitepe, 23.2 ± 9.7 ka; Koruda§, 24.3 ± 2.1 ka; 2σ, Schmitt214
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et al., 2011) (Fig. 2). Maars, tu� rings and explosion craters are the second common215

monogenetic volcanoes in the region (Table 1). They are mostly rhyolitic in composition,216

except the basaltic �cik maar and Karata³ tu� ring (Aydar et al., 2011; Türkecan et al.,217

2004; Uslular and Gençalio§lu-Ku³cu, 2020) (Fig. 2). Of those, Ac�göl coalescence maar218

(20.3 ± 0.9 ka, 2σ, Schmitt et al., 2011) is the only studied one in terms of volcanolog-219

ical and paleoclimatological characteristics (Kazanc� et al., 1995; Roberts et al., 2001;220

Mouralis et al., 2002; Tuncer et al., 2019; Uslular and Gençalio§lu-Ku³cu, 2020). Most221

other maars in the CAVP, such as Kalecitepe located at the northwestern part of Ac�göl222

maar complex, involve a lava dome in their center that postdates the maar formation223

(Schmitt et al., 2011; Uslular and Gençalio§lu-Ku³cu, 2020). Scoria cones of basaltic to224

andesitic compositions are more scarce within the NAVC, and their formation is mostly225

coeval with the other monogenetic edi�ces hinged on the available geochronology data226

(32-620 ka, K-Ar; Türkecan et al., 2004).227

2.3. Derinkuyu Volcanic Complex (DVC)228

The DVC is represented by a buried caldera complex (i.e. Derinkuyu, Froger et al.,229

1998) including resurgent dome complexes, numerous scoria cones, and a maar volcano230

(Narl�göl, Gevrek and Kazanc�, 2000) (Figs. 1B and 2). This caldera complex consists of231

at least four mostly buried calderas, which are only detected via some geophysical surveys232

and satellite data (Froger et al., 1998) and are the possible sources for several widespread233

ignimbrite deposits (i.e. Sar�maden, Cemilköy, Gördeles, and K�z�lkaya; ca. 8.5-5.1 Ma;234

Le Pennec et al., 1994; Aydar et al., 2012). The resurgent Quaternary dome complexes235

(�ahinkalesi and Göllüda§) in the southern part of the DVC (0.09-1.10 Ma; Türkecan236

et al., 2004; Aydin et al., 2014)(Figs. 1B and 2) were possibly located at the center of237

two temporarily successive buried calderas that had produced Gördeles and K�z�lkaya238

ignimbrites (6.33 ± 0.23 Ma and 5.11 ± 0.37 Ma, respectively; Aydar et al., 2012) (Le239

Pennec et al., 1994; Froger et al., 1998). Another important rhyolitic dome within the240

DVC (namely Nenezi, 92 ± 4 ka, K-Ar; Türkecan et al., 2004) is just located at the241

northwestern part of the �ahinkalesi dome complex (Fig. 2). Scoria cones with basaltic242

to basaltic andesitic compositions (Türkecan et al., 2004; Aydin et al., 2014) are mainly243

concentrated in the northern parts between lava dome complexes to the south and the244

Erda³ stratovolcano (or K�z�lç�n; 11.1-8.4 Ma; Ar-Ar; Aydar et al., 2011) to the north245
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(Fig. 2). The available geochronology data on scoria cones (Türkecan et al., 2004; Aydin246

et al., 2014) proclaim that their formations are mostly coeval with those of lava domes247

in the NAVC. Narl�göl is the only maar in the NAVC with a basaltic composition and248

lithic-rich pyroclastic deposits (Uslular and Gençalio§lu-Ku³cu, 2020) (Fig. 2). Also, the249

maar is geothermally active with hot springs (Gevrek and Kazanc�, 2000), and when this250

is combined with the other implications such as hydrothermal activity (e.g. kaolinization251

in ignimbrites), gas emissions and other hot springs, it can be deduced that there would252

be still partially hot underlying magma reservoir in the DVC (e.g. Froger et al., 1998).253

2.4. Hasanda§-Keçiboyduran Volcanic Complex (HKVC)254

The HKVC consists of two stratovolcanoes (namely Hasanda§ and Keçiboyduran)255

and related numerous monogenetic volcanoes (Figs. 1B and 2). The spatial distribution256

of monogenetic volcanoes around these major volcanoes was previously considered as dif-257

ferent clusters (Toprak, 1998), but we here combined them as most of the Quaternary258

vents emanated from Keçiboyduran stratovolcano are mainly concentrated through the259

eastern �anks of Hasanda§ stratovolcano (Fig. 1B). Also, the clusters of numerous scoria260

and spatter cones related to Keçiboyduran-Melendiz fault zone (Toprak and Göncüoglu,261

1993) around the northern part of Keçiboyduran stratovolcano are evaluated within the262

HKVC cluster (Fig. 1B). The dextral Tuzgölü fault zone (TGFZ) and its components263

have a direct role in the formation of volcanism in and around the HKVC (e.g. Toprak264

and Göncüoglu, 1993; Dhont et al., 1998; Toprak, 1998). The alignment of monogenetic265

vents in the region with a dominant trend of NW-SE also clearly supports this claim266

(Toprak, 1998).267

The volcanism in Hasanda§ stratovolcano initiated in the mid-Miocene and continued268

in the historical times (Beekman, 1966; Aydar and Gourgaud, 1998; Deniel et al., 1998;269

Friedrichs et al., 2020a; Kuzucuo§lu et al., 2020). Keçikalesi caldera (13.7 ± 0.3, K-Ar;270

Besang et al., 1977) has been considered as the oldest stage of Hasanda§ stratovolcano271

(Fig. 1B). The Quaternary products of Hasanda§ stratovolcano (including scoria cones,272

lava domes and two maars) related to Meso-and-Nesovolcano stages (Aydar and Gour-273

gaud, 1998) are mostly located at the summit of the volcano and the NW region known274

as "Karata³ basaltic �eld" (Ercan et al., 1992; Aydar and Gourgaud, 1998). Most of the275

basaltic scoria cones are located at the NW and W parts of the volcano, whereas andesitic276
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to dacitic lava domes are formed at the �anks and summit parts (Figs. 1B and 2). The277

latest activity of Hasanda§ stratovolcano around its summit was dated as 8.97 ± 0.64 ka278

(2σ, U-Th/He on zircons of andesitic pumice; Schmitt et al., 2014). On the other hand,279

Keçiboyduran volcano is the early Pliocene-Quaternary stratovolcano (e.g. Aydin et al.,280

2014) located at the eastern part of Hasanda§ stratovolcano (Fig. 1B). The basaltic sco-281

ria cones and rhyolitic lava domes with related lava �ows (224-654 ka, Ar-Ar and U-Pb;282

Aydin et al., 2014) mostly represent the Quaternary phase of the stratovolcano (Fig. 2).283

2.5. E§rikuyu Monogenetic Field (EMF)284

The EMF is an isolated basaltic MVF located at the southern part of Hasanda§ stra-285

tovolcano and contains numerous scoria cones and a few maars (Notsu et al., 1995; Uslular286

et al., 2015; Uslular and Gençalio§lu-Ku³cu, 2019b) (Figs. 1B and 2). The clustering of287

monogenetic vents in the EMF follows two dominant trends, which are generally NE-SW288

in the west (NE of Karacada§ stratovolcano; 5.98-4.68 Ma; Platzman et al., 1998) and289

mostly N-S to NW-SE toward the east (between Karacada§ and the south of Hasanda§;290

Toprak, 1998) (Figs. 1B and 2). Many aligned scoria cones in the region are the possible291

indication of buried faults (i.e. covered mostly by younger sedimentation and ignimbrite292

�ows) (Toprak, 1998; Uslular et al., 2015). As in the case of other MVFs, there is no293

clear temporal relationship between the formations of maars and scoria cones based on294

the available geochronology data (e.g. Kutören maar, 1.31 ± 0.07 Ma, 2σ, Ar-Ar, Reid295

et al., 2017; scoria cones, 2.60 to 0.30 Ma; Ercan et al., 1992; Notsu et al., 1995; Reid296

et al., 2017; Do§an-Külahç� et al., 2018).297

2.6. Karap�nar Monogenetic Field (KMF)298

The KMF is another isolated MVF in the southernmost part of the CAVP (Keller,299

1974), which was the northeastern margin of the paleolake environment (e.g. Kuzu-300

cuo§lu et al., 1999) (Figs. 1B and 2). This region mainly consists of basaltic scoria301

cones and extensive lava �elds (Keller, 1974). However, the presence of dacitic blocky302

lavas and heterogeneous scoria clasts indicates more complex magmatic processes be-303

neath the region (Keller, 1974). The phreatomagmatic phase in the KMF is represented304

by a few basaltic maars (i.e. Ac�göl, Mekegölü, Mekeobru§u) and an explosion crater305

(Y�lanobru§u) (Figs. 1B and 2) (Keller, 1974). Maars are probably older than scoria306

cones (ca. 300-390 ka; Reid et al., 2017) as it is revealed by the occurrence of a fresh307
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scoria cone in the middle of Mekegölü maar (Figs. 1B and 2). The general alignment308

trend in the KMF is NE-SW (Toprak, 1998), which is almost parallel to the Ecemi³309

fault and elongation of Karacada§ stratovolcano (Figs. 1B and 2). This main trend is310

also comparable with the general direction of the extension after the late Miocene in the311

CAVP (Özsay�n et al., 2013).312

3. Methodology313

3.1. Morphological Measurements314

The vent database in the CAVP (Toprak, 1998; Arcasoy, 2001; Arcasoy et al., 2004)315

was �rstly revised by selecting the well-preserved monogenetic edi�ces (i.e. scoria cone,316

lava dome, and maar), and then �ltered based on the types and also relative or ab-317

solute ages. Additionally, all the available data in the literature (e.g. geochemistry,318

geochronology) related to each monogenetic edi�ce were compiled (Supplementary Ma-319

terial Data-S1). A total of 540 Quaternary monogenetic vents were selected for further320

analyses performed in this study, but the total number would have exceeded 800 as sug-321

gested by Toprak (1998) if non-representative cones/domes (e.g. eroded or too small for322

morphological studies) and �ssures were considered. The morphometric parameters of323

the most representative scoria cones (174 out of 238) and lava domes (92 out of 195)324

were measured using the state of the art methodologies suggested in the well-established325

literature (e.g. Dóniz et al., 2008; Favalli et al., 2009; Karatson et al., 2013; Kereszturi326

et al., 2013b; Bemis and Ferencz, 2017). We used the Advanced Land Observing Satellite327

World 3D (AW3D) digital elevation models (DEMs), which are the best freely available328

ones for the CAVP with a 30 m spatial resolution (5 m height accuracy; Tadono et al.,329

2015), as a source for morphometric measurements. Most of the monogenetic edi�ces330

were omitted either due to their eroded morphology or size below the detection limit (i.e.331

30 m resolution AW3D). In addition, 1:25000 scale topographic maps, di�erent satellite332

and Google Earth images, and �eldwork campaigns further helped us to decipher, when333

possible, the type of vents within the studied monogenetic volcanoes in the CAVP. Maars334

are almost 20 in total and their morphological characteristics have been studied in detail335

using high-resolution drone-based DEMs (Uslular and Gençalio§lu-Ku³cu, 2020). There-336

fore, we here only focus on the scoria cones and lava domes.337

The morphometric measurements of 171 scoria cones and 93 lava domes were performed338
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in the orthogonal directions (i.e. N-S, E-W, NE-SW, and NW-SE) along the monogenetic339

edi�ces. The average values are given in Tables 2 and 3. In addition to the basic param-340

eters such as the width of the cone and crater (Wco and Wcr, respectively), the height341

of the cone and crater (Hco and Hcr, respectively), slope and volume, we also classi�ed342

the types of scoria cones (Dóniz-Páez, 2015; Bemis and Ferencz, 2017) and lava domes343

(Blake, 1990; Fink and Gri�ths, 1998; Aguirre-Díaz et al., 2006; Karatson et al., 2013)344

(Supplementary Material Data-S1). For the �ank cones, we measured the Hco values345

considering the methodology of Favalli et al. (2009). The volumes of both scoria cones346

and lava domes were calculated by di�erent formulas suggested for the truncated cone347

shapes (Hasenaka and Carmichael, 1985; Riedel et al., 2003; Kervyn et al., 2012) (Ta-348

bles 2 and 3). The volumes of ejected materials were also estimated via the empirical349

relation with the width (d) of the cones and domes (dmagmatic = 0.11 V0.42
ejecta; Sato and350

Taniguchi, 1997), and the edi�ce, ejecta and bulk volumes were corrected by Dense Rock351

Equivalent (DRE) eruptive volumes (Kereszturi et al., 2013b) (Tables 2 and 3). For the352

DRE-volume correction of lava domes, the formula suggested for scoria cones (Vbulk x 0.4353

x 0.5; Kereszturi et al., 2013b) was adopted. The slopes were obtained by both empirical354

formula (e.g. Bemis and Ferencz, 2017) and DEM-based measurements, and the results355

of latter method were considered for the further interpretations (Tables 2 and 3). Some356

additional parameters (i.e. steep-sided-ness, �at-topped-ness, relative crater depth, and357

crater slope with error estimations) suggested for scoria cones (Bemis and Ferencz, 2017)358

were also calculated for both scoria cones and lava domes in the CAVP (Tables 2 and 3).359

3.2. Fractal Analysis360

Many natural phenomena including earthquakes (e.g. Gutenberg and Richter, 1944;361

Hirabayashi et al., 1992; Legrand, 2002), �oods (e.g. Turcotte and Greene, 1993; Mala-362

mud and Turcotte, 2006), and volcanoes (e.g. Mazzarini and Armienti, 2001; Ersoy et al.,363

2007; Pérez-López et al., 2011; Uslular et al., 2015) obey power-law (fractal; Mandelbrot,364

1975) frequency-size statistics and hence are considered as fractal (self-similar) features365

(e.g. Malamud and Turcotte, 1999). The size of volcanic eruptions (i.e. Volcanic Explo-366

sivity Index), spatial distribution of volcanic vents (e.g. point-like features), size of scoria367

cones, and morphology of volcanic ash particles are the common examples of fractal sets368

in volcanology. Fractal systems (spatial distribution of volcanic vents in our case) are369
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described by non-integer exponent of a power-law function (e.g. Mazzarini and D'Orazio,370

2003; and references therein). One of the robust methods to calculate the fractal dimen-371

sions is the two-point correlation function method, for the population of N vents, that372

de�nes the correlation integral C2(l) (Grassberger and Procaccia, 1983; Hentschel and373

Procaccia, 1983; Bonnet et al., 2001) is de�ned as:374

C2(l) =
1

N2
Np(l), (1)

where Np(l) is the number of vent pairs (UTM coordinates) whose separation is less than375

a given length l. In this cumulative-frequency based de�nition, C2(l) is considered as376

scaled with l in the form of lD2 for the fractal set of vents, where D2 is the correlation377

dimension. We hereafter prefer to use the term Df to be consistent while describing the378

fractal dimension. If scaling holds in Eq. 1, D is calculated from the slope of a linear379

regression line in the log C2(l) vs. log (l) plot (e.g. Bonnet et al., 2001) (Table 4). The380

fractal dimension D2 value is calculated in a range of distance on which the function log381

(C2) versus log (l) is linear. The lower (Lco) and upper (Uco) cut-o� values (Bonnet et al.,382

2001), which are the limits between which volcanoes have a fractal distribution, were383

determined and subsequently used for the interpretation related to crustal mechanism384

(e.g. Mazzarini, 2004; Mazzarini and Isola, 2010).385

3.3. Vent Spacing and Poisson Nearest Neighbor (PNN) Analysis386

The coe�cient of variation (CV) is mostly used to de�ne homogeneity in the distribu-387

tion of vents (i.e. CV < 1, regular distribution; CV = 1, random or Poisson distribution;388

CV > 1, clustering of vents; e.g. Mazzarini and Isola, 2010 and references therein). The389

space (s) between volcanic vents is an important parameter for the understanding of390

crustal mechanisms (e.g. distribution of fractures) in the adjacent volcanic �elds (e.g.391

Mazzarini, 2007; Mazzarini and Isola, 2010; Mazzarini et al., 2010; 2016) (Table 4). This392

parameter can be estimated by the Nearest Neighbor (NN) distance method (Clark and393

Evans, 1954) considering the average minimum distance between vents. The NN method394

has been commonly used to quantify the spatial distribution of point-like features on395

Earth and also extraterrestrial settings including volcanic edi�ces (e.g. scoria and root-396

less cones; Bruno et al., 2006; Hamilton et al., 2010; Mazzarini et al., 2016; van den397

Hove et al., 2017). The PNN analysis, as a type of NN method (Baloga et al., 2007), is398
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performed in the MVFs (Connor and Hill, 1995; Le Corvec et al., 2013a) for the under-399

standing of the spatial distribution of vents. Similarly, we applied this method by using400

the "Geological Image Analysis Software" (GIAS; Beggan and Hamilton, 2010) for the401

MVFs in the CAVP (Table 5). Details on the methodology for both PNN analysis and402

GIAS outputs can be found in Le Corvec et al. (2013a; and references therein). The basic403

parameters (e.g. convex hull, R, c, and skewness) are listed in Table 5. The statistical404

values R and c, similar to the CV, are the indication of homogeneity in the vent distribu-405

tion. Ideally, R and c values for a population displaying Poisson distribution are 1 and406

0, respectively. However, the more dispersed distributions compared to Poisson display407

R values > 1, while the more clustered ones have R values < 1 (Beggan and Hamilton,408

2010; Le Corvec et al., 2013a). As they are sample-size dependent values, all related409

diagrams are created within the 2σ uncertainty to overcome this issue (Le Corvec et al.,410

2013a). The density of vent distribution can also be estimated by considering the ratio411

between the number of vents (N ) and the area of the convex hull (Table 5) (Le Corvec412

et al., 2013a; Mazzarini et al., 2016).413

3.4. Principal Component Analysis (PCA)414

The PCA is the most common dimensionality reduction method that has been applied415

to the spatial data in di�erent aspects of earth sciences (Dem²ar et al., 2013), including416

volcanology (Prima and Yoshida, 2010; Mazzarini et al., 2016; Unglert et al., 2016). The417

original variables are transformed into the new uncorrelated axes that are aligned parallel418

to the directions of maximum variance in the data (e.g. Dem²ar et al., 2013) .419

In this study, we considered the UTM coordinates of the vents as a pair of variables used420

in the PCA and followed the steps in Mazzarini et al. (2016) (Table 6). After the dataset421

is scaled to the barycentre (i.e. the origin of the new dataset is the average values of422

coordinates), the covariance matrix (Q) of N vents is estimated by:423

Q =

cov(X,X) cov(X, Y )

cov(X, Y ) cov(Y, Y )

 , (2)

with424

cov(X, Y ) =
N∑
i=1

(xi − x̄)(yi − ȳ)

N
, (3)
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425

where xi and yi are the coordinate values of N vents and their mean values (x̄ and ȳ) are426

zero as the dataset is translated to barycenter-scaled. The eigenvalues and vectors with427

the dominant azimuthal direction of the largest eigenvectors are also computed (Mazzarini428

et al., 2016).429

We here aim to provide the shape characteristics of the MVFs in the CAVP using the430

PCA. The eccentricity (ecc), for instance, relates the lengths of the �rst and second431

eigenvectors of the Q (close to 0 and 1, circular or elliptical volcanic �elds, respectively)432

(Table 6). The azimuthal direction of the �rst eigenvalue of the Q, also considered as a433

proxy for the �eld elongation (Table 6), represents the major trend of a long axis for the434

shape of MVFs (Mazzarini et al., 2016).435

3.5. Vent-to-Vent Distance (VVD) Analysis436

The preferred azimuthal orientation and/or the anisotropy in vent distribution can be437

statistically analyzed (e.g. two-point azimuth method, Lutz, 1986; the VVD, Mazzarini438

et al., 2016) to understand the possible relation between volcano distribution and the439

tectonic stress �elds (e.g. Connor, 1990; Cebriá et al., 2011; Mazzarini et al., 2016;440

van den Hove et al., 2017). As the vents are considered to be aligned along the same441

dike or fault (e.g. Takada, 1994), the azimuth values between vents in the MVF are442

measured. The total number of the segments in the observed set of vent can be expressed443

as N(N-1)/2, where N is the total number of vents (Wadge and Cross, 1988). The rose444

diagrams and related histograms of azimuthal distribution in each MVF (Table 6) were445

used to determine the main peaks (angular error is ± 3◦) and also the angular dispersion446

(∆α◦; Mazzarini et al., 2016). The unimodal azimuth distribution with a well-de�ned447

peak and small ∆α(◦) points to well-aligned vents, while the bimodal distribution with448

several peaks and large ∆α(◦) refers to the dispersed (or scattered) distribution of vents449

(Mazzarini et al., 2016).450

3.6. Alignment Analysis451

In addition to the shape and fractal characteristics of the spatial distribution of mono-452

genetic vents that provide crucial information for the dike networks at the upper crustal453

level (e.g. Mazzarini, 2004; 2007; Mazzarini and Isola, 2010; Mazzarini et al., 2013), cone454

elongations and vent alignments are other two important parameters, especially for the455
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understanding of dike orientations (e.g. Tibaldi, 1995; Le Corvec et al., 2013a; Muirhead456

et al., 2015). In this regard, we here used the morphologies of cones and domes to esti-457

mate the possible dike orientations in the upper crust using both observational (Paulsen458

and Wilson, 2010; Muirhead et al., 2015) and computational (Le Corvec et al., 2013a)459

methodologies. If the shape reliability of each cone/dome is 1 (probable) or 2 (likely)460

(Muirhead et al., 2015), and the cone/dome or crater axial ratio (long to short) is above461

1.2 (Paulsen and Wilson, 2010), the cone/dome lineaments (i.e. strike of the feeder dyke;462

Tibaldi, 1995; Muirhead et al., 2015) are recorded. Additionally, the breaching direction463

of cones is considered as a possible indicator of feeder dyke orientation (Tibaldi, 1995;464

Muirhead et al., 2015), where the possible reason for breaching is the �ow emittance465

rather than �ank collapse or basal inclination (e.g. Németh et al., 2011).466

The cone lineament data were further supported by the vent alignment analyses per-467

formed by using a MATLAB script of Le Corvec et al. (2013a). Di�erent alignment468

thicknesses (or width tolerance) were considered (i.e. 11 to 21 with 5 m intervals), which469

also correspond to the limit of A-grade reliability (≤ 125 m) for the vent alignments sug-470

gested by Paulsen and Wilson (2010), and subsequently the best regression lines for each471

thickness are automatically generated (Le Corvec et al., 2013a). The length tolerance of472

the alignment, however, is based on the observed cone distribution in each MVF (i.e. the473

observed mean distances must be less than the estimated ones; Le Corvec et al., 2013a;474

Muirhead et al., 2015) (Table 5). After all, the alignments are accepted if three vents are475

aligned within the limits of length tolerance (Fig. 1 of Le Corvec et al., 2013a) and the476

angular deviation (± 15◦) of the cone elongation (Paulsen and Wilson, 2010; Muirhead477

et al., 2015). Additionally, each computed alignments for di�erent thicknesses are dis-478

played on DEMs (AW3D) and di�erent maps of Google Engine using QGIS (Quantum479

Geographical Information System, version 3.14.15), and those have identical lineament in480

terms of volcanological evolution are selected. Moreover, the upper limit of the artifact481

(i.e. ratio of rejected alignments) in each analysis is taken as 10% (Le Corvec et al.,482

2013a), and hence the maximum distance for the generation of alignment is chosen from483

those having artifacts ≤10% and higher number of alignments. For further details on484

the methodology of vent alignment analysis brie�y mentioned above, Le Corvec et al.485

(2013a) and Muirhead et al. (2015) can be addressed. In addition, the local and regional486

fault directions compiled and digitalized from the literature data (Pasquare et al., 1988;487
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Toprak and Göncüoglu, 1993; Dhont et al., 1998; Froger et al., 1998; Genç and Yürür,488

2010) were also displayed on rose diagrams (length weighted) created by using the QGIS489

plugin "Line Direction Histogram" (Tveite, 2015�2020), and used in comparing the vent490

and cone/dome alignments with the fault directions and the general extensional trend491

(N-S to NE-SW; e.g. Özsay�n et al., 2013) or regional σ3 in the CAVP.492

4. Results493

4.1. Morphological Characteristics494

4.1.1. Scoria Cone Morphometry495

The morphometric parameters of scoria cones (n = 171) are given in Table 2, and496

the whole dataset can be found in the Supplementary Material Data-S1. The number of497

measured scoria cones is the highest in the EMF (Table 2). The NAVC, on the other498

hand, has the lowest population of scoria cones (Tables 1 and 2). Most of the studied499

scoria cones (n = 75) are amorphous type (or not bearing crater; Dóniz-Páez, 2015; Be-500

mis and Ferencz, 2017), but the gully and horseshoe-type cones are also abundant (n =501

60; Supplementary Material Data-S1). However, ideal-type (Bemis and Ferencz, 2017) or502

A1-A2 symmetrical ring cones (Dóniz-Páez, 2015) are very rare (n = 13).503

The mean absolute errors are included to the results of all morphometric parameters (i.e.504

mean values), whereas the error limits of ratio-based parameters (i.e. steep-sided-ness,505

�at-topped-ness) are derived from the empirical formula suggested by Bemis and Ferencz506

(2017) (Table 2). The width (or basal diameter) of the cones (Wco) is the largest in the507

EVC (696±46 m) and the smallest in the HKVC (583±66 m; Table 2). The height of508

the cones (Hco) changes from 58±10 m in the NAVC to 93±8 m in the EVC (Table 2).509

However, the largest cone in the CAVP is located within the KMF (Mekeda§; mean Hco510

and Wco values are 209 and 1621 m, respectively; Fig. 2 and Supplementary Material511

Data-S1). Almost half of the measured scoria cones in the CAVP has a crater, and whose512

width (Wcr) is the largest in the KMF (361±45 m) and smallest in the EMF (178±12 m;513

Table 2). The KMF also has the deepest craters (Hcr; 43±5 m), but the lowest values514

belong to the EMF (14±1 m) and the NAVC (12±4 m; Table 2). Slopes were mea-515

sured on DEMs, and the mean values (Smean) revealed that the gentle cones (12.3±0.4◦)516

were generally found in the EMF, whereas the steepest ones were located at the EVC517

(17.4±0.7◦) and the KMF (16.9±1.5◦; Table 2). For the estimation of cone volume (Vco)518
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among the various formulas suggested by di�erent studies (Hasenaka and Carmichael,519

1985; Riedel et al., 2003; Kervyn et al., 2012) (Supplementary Material Data-S1), the520

more commonly used one by Hasenaka and Carmichael (1985) was preferred for further521

interpretations. The KMF and EVC are the most voluminous �elds based on the DRE-522

corrected (Kereszturi et al., 2013b) Vco values (VDRE = 6.9±4.0 x 106 m3 and 6.7±1.4 x523

106 m3, respectively), whereas the least voluminous (3.7±1.6 x 106 m3) �eld is the NAVC524

as expected due to the sparsity of scoria cones (Table 2). The ejecta volumes of scoria525

cones were also estimated by using the general formula of Sato and Taniguchi (1997) (Wcr526

= 0.11 V0.42
ejecta), and the resultant values display comparably more voluminous ejecta de-527

posits in the EVC (5.9±1.5 x 108 m3), but less in the KMF (2.1±0.4 x 108 m3; Table 2).528

Accordingly, the total volume of scoria cones (VT ) was determined by the summation of529

cone and ejecta volumes, varying from 2.2±0.4 x 108 m3 in the KMF to 6.0±1.5 x 108
530

m3 in the EVC (Table 2).531

The ratios of morphometric parameters (e.g. Hco/Wco, Wcr/Wco; Table 2) and their com-532

parison with the age and volume in conventional binary plots (Fig. 3) were also presented533

for each MVFs. Fig. 3A displays the relation between Hco and Wco of the scoria cones,534

and the slopes (i.e. Hco/Wco) obtained by the regression lines are all signi�cantly below535

the so-called ideal ratio (0.18; Wood, 1980), except for a few one that have greater or536

nearly equal ratios. However, the computed ratios seem to be identical when the recently537

suggested ratio (Hmean/Wco = 0.098; Favalli et al., 2009) is considered. This circum-538

stance again highlights the important role of measurement techniques in the morphology539

studies as previously stated in the literature (e.g. Favalli et al., 2009; Fornaciai et al.,540

2012). For further interpretations, we preferred to use the shape parameters (i.e. steep-541

sided-ness and �at-topped-ness; Bemis and Ferencz, 2017) against the traditional ratios,542

especially due to the fact that steep-sided-ness (S = 2Hco/(Wco-Wcr) better represents543

the �ank slopes (Bemis and Ferencz, 2017) . The ideal value of S is 0.6 (31◦) that almost544

corresponds to the traditional ratio of Hco/Wco (0.18; Wood, 1980). Accordingly, EMF545

displays the greatest variance in steep-sided-ness (Smin = 0.12; Smax = 0.64), while the546

EVC and KMF have generally steep scoria cones (0.31±0.02/0.08 and 0.29±0.03/0.11,547

respectively; Table 2 and Fig. 3B). Here, x/y type errors correspond to the mean absolute548

and formula-based (Bemis and Ferencz, 2017) error values, respectively (Table 2). Flat-549

topped-ness (F = Wcr/Wco) values in the KMF (0.37±0.07) are very close to the ideal550
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ratio of 0.4 (Wood, 1980), whereas those in other clusters vary from 0.23±0.01/0.05 in the551

EMF to 0.31±0.02/0.05 in the DVC (Table 2). Fig 3B also illustrates that most of the S552

and F values are moderate, and there are only a few outliers that exceed the ideal ratios.553

In addition, F values are almost positively correlated with the VT , whereas the S values554

have a negative arbitrary trend with the VT (Figs 3C and D). The compiled age data555

for the CAVP (Supplementary Material Data-S1) were also compared with the Smean556

(DEM-based slope) and the S -values (formula-based slope; Bemis and Ferencz, 2017)557

(Figs. 3E-F). The possible negative trends (i.e. decrease in the slope with the increase558

in age) could be detected only for the EMF where the number of age data is adequate559

for comparison (Figs. 3E and F). The DEM-based slopes are comparably better corre-560

lated with the age (Fig. 3E). The general output from this correlation is that the �ank561

slopes (especially DEM-based) could be one of the best parameters for the morphometry-562

based relative dating of scoria cones compared to the common usage of ideal ratios (e.g.563

Hco/Wco) that display a rather indistinct correlation (Fig. 3F).564

4.1.2. Lava Dome Morphometry565

The morphometric parameters of lava domes (n= 91) are summarized in Table 3,566

and the more comprehensive dataset can be found in the Supplementary Material Data-567

S1. Lava domes are only found in four MVFs (i.e. EVC, NAVC, DVC, and HKVC),568

as the KMF and EMF are mainly basaltic MVFs (Fig. 1B). Lava domes are the most569

abundant in the EVC (n = ∼100), and hence the number of measured domes is highest570

(n = 56; Table 3). The HKVC has the lowest number of lava domes in the CAVP (n571

= 11; Table 3). The studied lava domes were also examined in terms of morphological572

diversity (Blake, 1990; Fink and Gri�ths, 1998), and most of them are either platy573

or spiny (or Pelèan) with many representative examples of lobate and coulèe types574

(Fig. 2; Supplementary Material Data-S1). However, some lava domes display complex575

morphologies, such as Nenezida§ lava dome in the NAVC (92±4 ka; Türkecan et al., 2004576

and references therein) with its both spiny and lobate morphology. Dikkart�n lava dome577

in the EVC (10.1±0.8 ka; Sar�kaya et al., 2019) is one of the best examples for coulèe578

type. Lava domes in the CAVP may also create ridges consisting of aligned spiny domes579

(e.g. on the �anks of Erciyes stratovolcano in the EVC; �en et al., 2003; Higgins et al.,580

2015), or dome complexes (e.g. Koruda§ in the NAVC; 24.9±2.1 ka; Schmitt et al., 2011)581
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(Figs. 1 and 2).582

For the morphometric analysis of lava domes, we adopted the common parameters mostly583

used for scoria cones (Tables 2 and 3). Errors in the morphometric parameters are the584

mean absolute errors, but the formula-based errors suggested for the shape parameters585

(i.e. steep-sided-ness, �at-topped-ness; adopted from Bemis and Ferencz, 2017) were also586

included (Table 3). The height of the domes (Hdo) varies from 110±21 m in the HKVC587

to 174±22 m in the DVC (Table 3). Accordingly, the smallest (719±86 m) and largest588

(1443±176 m) width of the domes (Wdo) belong to these �elds, respectively (Table 3).589

In Fig. 4A, the Hdo/Wdo ratios of each �eld were compared to those with ideal value of590

0.22 (Karatson et al., 2013 and references therein) and di�erent morphologies (i.e. spiny,591

0.18; coulèe, 0.17; low, 0.09; Aguirre-Díaz et al., 2006). A considerable number of domes592

is aligned with the ideal dome ratio, whereas the regression lines of each �eld are in593

between low and coulèe type domes (Fig. 4A). Accordingly, the lava domes in the EVC594

have the highest ratios close to the coulèe and spiny type domes, which is consistent595

with the observed examples and topography (i.e. �ank domes). However, this ratio596

sharply decreases from the NAVC and DVC (both 0.11) to the HKVC (0.09) (Fig. 4A).597

Interestingly, the caldera-bearing �elds of the NAVC and DVC with numerous resurgent598

domes have similar ratios, but the HKVC has the lowest, possibly due to a few low-type599

cones. Similar to the scoria cones, the shape parameters of lava domes from each �eld600

were also compared (Fig. 4B). The ideal value of steep-sided-ness (S or �ank slope) for601

scoria cone (0.6; Bemis and Ferencz, 2017) is converted by considering the ideal Hdo/Wdo602

ratio of lava domes (Karatson et al., 2013 and references therein) to estimate an equivalent603

value (i.e. ∼0.7). However, we kept the same ratio of Wcr/Wco (or �at-topped-ness "F"604

= 0.4; Wood, 1980) as there is no suggested value for lava domes in the literature. In the605

measured lava domes, there are only a few domes exceed the ideal ratio of F, but most606

are located at the mid-range in terms of S -values (Fig. 4B). The EVC and HKVC both607

including �ank domes have the steepest lava domes (0.38±0.01/0.07 and 0.35±0.05/0.08,608

respectively), whereas the NAVC and DVC have more gently sloping domes (Table 3).609

In addition, there is relatively positive relation between F and S parameters along with610

two di�erent trends that might be linked with the age di�erences. The total volumes of611

lava domes (VT ) were also compared with these shape parameters (Figs. 4C and D), and612

the relation is almost positive (especially in S ). The most voluminous clusters in terms613
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of lava dome formation are the EVC (8.1±2.0 x 107 m3) and NAVC (8.0±2.4 x 107 m3)614

compared to other clusters (1.7±0.9 x 107 m3 for the DVC; 2.2±0.7 x 107 m3 for the615

HKVC; Table 3). As inferred from Fig. 4B, there is a good relation between the slopes616

of lava domes, especially for those in the NAVC (Figs. 4E and F). Both formula (S ) and617

DEM-based (Smean) �ank slopes decrease with the increase of age. However, the same618

relation for the EVC domes is not valid, and hence there is a need for more age data from619

the domes in the CAVP to support the possible role of �ank slopes in relative dating of620

domes.621

4.2. Self-Similar (Fractal) Clustering622

The parameters obtained by the fractal analysis of Quaternary monogenetic vents in623

the CAVP are listed in Table 4. In addition to the fractal distribution of vents in each624

MVFs, a total number of scoria cones and lava domes in the CAVP were also analyzed625

separately in terms of self-similar clustering (Table 4). A plateau in local slope vs. log (l)626

diagrams could not be well de�ned for the HKVC and KMF (Fig. 5), either due to the627

lesser number of vents (e.g. KMF) or spatial distribution of vents or shape characteristics628

of the volcanic �elds. The computed fractal dimensions Df from the slope of log C2(l)629

vs. log(l) plots for other clusters are: 1.16 (NAVC); 1.48 (EMF); 1.55 (EVC); and 1.80630

(DVC) (Table 4 and Fig. 5). On the other hand, the scoria cones and lava domes have631

Df values of 1.40 and 1.13, respectively (Table 4). The error for the Df values is almost632

negligible (i.e. R2 = 0.99). The lower (Lco) and upper (Uco) cut-o� values de�ned by the633

size ranges of each vent dataset are also given in Table 4. Lco values are very comparable634

in each MVFs (0.5-0.8 km), while the Uco changes from 8.5 km (i.e. shallowest in the635

DVC) to 16 km (i.e. deepest in the EMF; Table 4 and Fig. 5). The EVC and NAVC have636

almost similar Lco (0.8 km) and Uco (10 km and 12 km, respectively) values, indicating637

a comparable upper crustal mechanism (e.g. depth of brittle-ductile transition) beneath638

these �elds. The values determined for the scoria cones (0.5-15 km) and lava domes (0.7-8639

km) are also comparable with the idea of depth di�erence for the magma source of these640

edi�ces (i.e. shallow in lava domes and deeper in scoria cones).641

4.3. Vent Spacing and Field Shape Characteristics642

The average values of vent spacing/separation (s) in each MVFs are given in Table 4.643

The maximum average separation (1676 m) was observed in the DVC, while the EVC644
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and NAVC had the minimum values (939 m and 945 m, respectively; Table 4). The645

mean distances between the vents measured by the PNN analysis (not �ltered) also646

reveal similar results (Table 5). The area of each MVFs de�ned by a convex hull is also647

measured, and the EVC and HKVC are the largest volcanic �elds in the CAVP (8.68648

x 108 and 8.55 x 108 m2, respectively; Table 5). These convex hulls were also used for649

the density calculations (number of vents/m2), revealing that the density of vent is the650

highest in the NAVC and EVC (2.39 x 10−7 and 2.13 x 10−7 m2) and the lowest in the651

DVC and HKVC (1.18 x 10−7 and 0.91 x 10−7 m2; Table 5). The homogeneity indicators652

(CV), or the short-range clustering, for the distribution of vents were generally equal or653

grater than 1 (i.e. clustered distribution; Table 4). However, the results of PNN analysis654

showed that the NAVC, DVC and KMF have a vent distribution �tting to the Poisson655

model (Table 5 and Fig. 6). Other clusters display clustered vent distribution (Table 5656

and Fig. 6). Although most of the MVFs in the CAVP are nearly circular (≥ 0.70) based657

on the shape factor (short/long axes of ellipses drawn upon the convex hull), the HKVC658

and EMF have more elongated shapes (≤ 0.60; Table 5). As the convex hull shape is more659

sensitive to the outliers, the shape of volcanic �elds is then discussed with the results of660

PCA and VVD analyses.661

The �eld elongations (i.e. eccentricity, ecc) and the angular dispersion (∆α◦) obtained662

by the PCA and VVD analyses do not show a clear relationship, except for the EVC663

(i.e. vents on the �anks of Erciyes stratovolcano) and the individual MVFs (i.e. EMF664

and KMF) that display inverse relation (i.e. increase in ∆α◦ with the decrease of ecc)665

(Table 6). All the monogenetic clusters have nearly circular elongations (i.e. ecc close666

to 0; Mazzarini et al., 2016; Table 6). In addition, the ecc values increase from NE (i.e.667

0.03 in the EVC) through the middle part of the CAVP (i.e. 0.28 in the HKVC) towards668

the SW direction, and then again decrease through the SW-end of the region (i.e. 0.13669

in the KMF; Table 6; Fig. 7).670

The main azimuthal trends of the vent distribution obtained by both PCA and VVD671

analyses were compared in each MVFs and also with of the main fault zones in the CAVP672

(Fig. 7). In addition, we classi�ed these azimuthal vent trends of each MVFs as either673

normal or parallel/oblique, considering the general extensional direction of the CAVP674

(N0-90◦E; Özsay�n et al., 2013). The EVC is the only exceptional case among the other675

clusters with its almost circular �eld shape and the radial vent patterns along the �anks676
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of Erciyes stratovolcano (�en et al., 2003) (Tables 5 and 6 and Fig. 7). The dominant677

azimuthal trend of vent distribution in the EVC is in the N7◦E direction, consistent with678

the local tectonic stress (e.g. Toprak, 1998; Higgins et al., 2015) and also the genesis679

of radial dikes (e.g. Nakamura, 1977). On the other hand, the trends in other clusters680

are generally parallel/oblique to the main extensional direction, except the NAVC that681

has a trend (N115◦) almost parallel/oblique to the TGFZ and perpendicular to the main682

extension and CAFZ trends (i.e. normal type). In addition, there is a clockwise rotation683

in the direction of vent alignments from the NAVC to the southern parts (Table 6 and684

Fig. 7). However, this trend remains mostly constant in the southwestern end of the685

CAVP (Table 6 and Fig. 7). The PCA and VVD analyses have revealed two important686

outcomes. The �rst is the decreasing role of the Tuzgölü fault (NW-SE trend) in the687

formation of vents that can be spatially followed from the NAVC (normal-type) to the688

KMF (parallel-type), possibly due to more dominant e�ect of the regional extensional689

stress (N-S to NE-SW) with the contribution of CAFZ and/or the role of N-S directed690

segments in the TGFZ through the southern part (e.g. deformation of Le³keri scoria cone691

in the EMF; Toprak and Göncüoglu, 1993; Toprak, 1998) and/or the di�erent behavior692

of the western and eastern parts of the TGFZ (e.g. Toprak, 1998; Özsay�n et al., 2013;693

Krystopowicz et al., 2020). The second is that the role of the local magmatic stress �elds694

(Muirhead et al., 2015 and references therein) could be a suitable case for the genesis of695

radial dikes in the EVC considering both tectonic and petrologic characteristics.696

4.4. Vent Alignments and Cone/Dome Elongations697

The results for the vent alignment analysis in each MVFs are summarized in Table 5.698

Whole dataset can be found in Supplementary Material Data-S2 and Supplementary Fig-699

ure SF1. The maximum distance to form the best alignment is determined considering700

the ratio of rejected alignments (i.e. 10% artifact; Le Corvec et al., 2013a) as illustrated in701

Supplementary Figure SF1. All detected alignments in the DVC (n=12) and KMF (n=7)702

are accepted, and therefore there is no artifact in these clusters. However, the number703

of rejected alignments in other clusters is high, and the accepted lengths of alignments704

in the EVC, NAVC, HKVC and EMF are 1360, 1552, 2606 and 3738 m, respectively705

(Table 5 and Supplementary Figure SF1). The number of accepted alignments is highest706

in the HKVC (n=49) and lowest in the DVC and KMF (Table 5). Most dominant trend707
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in the vent alignments is along the NE-SW direction, which is almost parallel to the main708

extensional direction (Fig. 7). In the EVC, there is an almost radial pattern of vents that709

might indicate the e�ect of the isotropic stress �eld (e.g. Nakamura, 1977; Nakamura710

et al., 1977; Paulsen and Wilson, 2009; Marliyani et al., 2020) rather than the regional711

stress �eld, or other alternative scenarios (e.g. local magma-induced stress �eld, volcano712

overloading; Muirhead et al., 2015 and references therein). However, as also stated in713

the literature (e.g. Toprak, 1998; Higgins et al., 2015), the dominant trend for the vent714

alignment in the EVC (n=26; Fig. 7) is N17-38◦E, which is almost parallel to the main715

direction of local faults/lineaments and regional faults and also the extensional direc-716

tion (Fig. 7). Additionally, there are also vents and faults/lineaments in the EVC with717

WNW-trend, which are parallel to the NW-directed tensional fractures (Dhont et al.,718

1998). Vents in the NAVC (n=29; Fig. 7) have NW-SE to N-S trend, almost identical719

with the main direction of the TGFZ, and perpendicular to the local and regional exten-720

sion axes. Vents in the DVC (n=12) have almost similar trend (90-130◦N) with those in721

the EVC, which are parallel to the main direction of the local faults and also the northern722

branch of the CAFZ in the Sultansazl�§� pull-apart basin and perpendicular to the local723

extensional stress �eld (Fig. 7). In addition, some of the vents, especially those in the724

eastern part of the DVC, are along with the main trend of Derinkuyu fault (DF; Toprak725

and Kaymakç�, 1995) (Figs. 1B and 7). The dominant trend for the vent alignments in726

the HKVC (n=49) is N72-90◦E, which is almost parallel to the local extensional stress727

�eld (90-95◦N; e.g. Genç and Yürür, 2010) and perpendicular to the local and regional728

faults. The number of detected alignment is higher due to the accumulation of numerous729

vents (n=25) in the eastern part of the HKVC, which are probably related to the Plio-730

Quaternary activity of Keçiboyduran stratovolcano (Figs 1B and 2). Contrary to the731

main trend in the HKVC, the vents in its western part (i.e. Karata³ basaltic �eld; Ercan732

et al., 1992; Aydar and Gourgaud, 1998) are oriented mostly in the NW-SE direction that733

re�ects the predominant role of the TGFZ in their formation. In the EMF, vents (n=28;734

Table 5) are mainly aligned with the trend of N45-65◦E, which is almost perpendicular735

to the local extensional stress �eld (95-100◦N; e.g. Genç and Yürür, 2010) and parallel736

to the main direction of the local faults, the CAFZ (also Ecemi³ fault), and the regional737

extension (Fig. 7). The main trend of aligned vents (n=7) in the KMF is similar with the738

EMF (N45-65◦E), which is almost parallel to the directions of local faults (Fig. 7) and739
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also regional extension but perpendicular to the local extensional stress �eld (ca. 120◦N;740

e.g. Genç and Yürür, 2010).741

The elongations of cones and domes are almost identical in all the MVFs in the CAVP,742

parallel/oblique to the regional extension direction (Fig. 7). The main trend is N70-90◦E,743

except for the KMF where vents are aligned with the direction of N55-75◦E (Fig. 7).744

The role of local and regional faults does not seem to be e�ective in the formation of745

cones/domes, but again there is an exception in the KMF where the cone/dome elonga-746

tion is almost parallel to the main direction of local faults and the CAFZ (also Ecemi³747

fault) (Fig. 7). The local extensional directions are relatively similar with the cone/dome748

elongations in the DVC, HKVC and EMF (Fig. 7).749

The main results for each MVFs obtained by the analyses mentioned above can be summa-750

rized as follows: (i) the vent distribution and alignment in the EVC are mainly controlled751

by the local and regional extensional stress �elds together with the CAFZ; (ii) the NAVC752

is the only MVF that have a vent distribution/alignment perpendicular to both local753

and regional extension directions but parallel/oblique to the TGFZ and DF; (iii) the754

regional extension �eld and local faults/lineaments seem to be the prevalent mechanisms755

for the vent distribution/alignments in the DVC; (iv) the local extension �eld together756

with the transtensional characteristics of the southern branch of TGFZ mostly shape757

the vent distribution/alignment in the HKVC; (v) the vent alignments are well observed758

in the EMF and possibly in�uenced by various mechanisms (regional extension, local759

faults/lineaments, and Ecemi³ fault); (vi) the number of vents and interrelatedly vent760

alignments is the least in the KMF, and therefore the interpretations might be mislead-761

ing. However, the local faults together with the local and regional stress �elds seem to be762

main factors for the vent formation; (vii) the extension parallel/oblique type of direction763

in the cone/dome elongations (almost E-W) can be explained by both local and regional764

extensional �elds, except the EVC where isotropic stress �eld is predominant.765

5. Discussion766

5.1. Morphological Implications767

The predominance of dry (i.e. magmatic) eruption style in the monogenetic volcanoes768

of the CAVP, revealed by the higher number of scoria cones with subordinate lava domes769

and a few maars (Toprak, 1998), is indirectly supported by our morphological analyses.770
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In Figs. 3B and 4B, most of the scoria cones and lava domes plot in the lower left panel771

de�ned as "arid quadrant" (Fornaciai et al., 2012; Haag et al., 2019) where both S (or772

traditionally Hco/Wco) and F (Wcr/Wco) values are low. The indication of arid regime773

during the time of monogenetic volcanism in the CAVP is well-correlated with the abun-774

dance of scoria cones, but this interpretation may not be valid for the whole CAVP. The775

reason can be envisioned by two di�erent trends in Fig. 3B in which such relation is776

better observed due to the higher number of data. For instance, there is a decrease in the777

S values with the increase of F in the EVC, whereas this relation is almost opposite in778

the EMF (Fig. 3B). Although these trends are not clear and somewhat scattered, it can779

refer to the di�erent ratio of phreatomagmatism in the eruption styles (Fornaciai et al.,780

2012); relatively low in the EVC but high in the EMF, considering the accumulation of781

eroded deposits at the base of the edi�ce in dry conditions and the e�ective erosion or782

mass wasting in the wet regimes (Fornaciai et al., 2012). This inference is consistent with783

the paleoenvironmental condition of the southern parts of the CAVP, where the paleolake784

environments (e.g. Kuzucuo§lu et al., 1999) covered the present boundaries of EMF and785

KMF. Additionally, this hypothesis is supported by the abundance of maar volcanoes786

in these MVFs (almost half of the maars in the CAVP; Uslular and Gençalio§lu-Ku³cu,787

2020) and also the presence of Dreissena sp.-bearing distinct scoria fall deposits in one788

of the largest scoria cones in the CAVP (Mekeda§ scoria cone, KMF; Fig. 2) evident in789

our �eld studies. However, as well inferred in the literature (e.g. Kereszturi and Németh,790

2012a), such an interpretation does not omit the role of water in the formation of sco-791

ria cones, but reveals the predominance of dry-eruption style in their formation with a792

limited contribution of water as observed in other clusters of the CAVP (e.g. Karn�yar�k793

Hill scoria cone in the DVC; Ersoy et al., 2011).794

The morphologies of almost all scoria cones and lava domes are rather di�erent than795

the ideal edi�ces (Figs. 3B and 4B). There are only a few possible ideal edi�ces that796

have either greater S or F values. This can be explained by several reasons (Fornaciai797

et al., 2012): (i) the absence of initial ideal cone/dome as in the case of many MVFs (e.g.798

Kervyn et al., 2012; Bemis and Ferencz, 2017; Haag et al., 2019); (ii) the age discrepan-799

cies among the cones/domes and hence di�erent erosional/degradational processes that800

can also be linked to local climatological conditions. Additionally, the average Hco/Wco801

ratio of all measured scoria cones is 0.08, which is within the limit of scoria cones formed802
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in the extensional environments (Fornaciai et al., 2012). This result is in line with the803

well-known extensional tectonism in the CAVP (e.g. Toprak and Göncüoglu, 1993; Dhont804

et al., 1998; Genç and Yürür, 2010; Özsay�n et al., 2013).805

Despite some successful attempts towards the estimation of relative ages based on the806

cone morphometry (e.g. Inbar et al., 2011; Haag et al., 2019), the use of traditional807

morphometric ratios (e.g. Hco/Wco) mostly gives way to misleading interpretations due808

to the various internal/external e�ects that control the �nal morphology (e.g. Kereszturi809

et al., 2012b; Kereszturi et al., 2013a). Therefore, here we only compared the formula810

and DEM-based �ank slopes of both scoria cones and lava domes with the available radio-811

metric ages to check if there is any meaningful trend or not (Figs. 3E-F and 4E-F). The812

number of geochronological data for scoria cones is only adequate in the EMF, and thus813

the possible correlation between ages and �ank slopes of scoria cones was tested only for814

this cluster. Even if the observed relation is not perfect, several negative trends between815

these variables (i.e. lower slopes in older cones) could be de�ned. However, additional816

geochronological data throughout the CAVP, and especially in the EMF, are needed to817

support this claim.818

819

5.2. Tectonomagmatic Controls on Spatial Vent Distribution820

Volcano shape and spatial vent distribution are the best indications for the controlling821

mechanisms of the tectonic stress �elds in the MVFs (e.g. Takada, 1994; Tibaldi, 1995;822

Brenna et al., 2011; Germa et al., 2013; Le Corvec et al., 2013a; 2015; Muirhead et al.,823

2015; van den Hove et al., 2017; Haag et al., 2019). Therefore, the spatial distribution824

analysis of vents certainly provides new insights into the understanding of volcanologi-825

cal evolution and even risk assessments of the MVFs (e.g. Connor et al., 2000; Becerril826

et al., 2013; Le Corvec et al., 2013a; Mazzarini et al., 2013; 2016; Bertin et al., 2019;827

Kósik et al., 2020). The shape of volcanic �elds (i.e. convex hull; see Table 5), for in-828

stance, would be the surface re�ection of magma source in the mantle for scoria cones829

or in the crust for lava domes if the �eld elongations matched with the vent alignment830

directions (Le Corvec et al., 2013a). Half of the MVFs (HKVC, EMF, and KMF) within831

the CAVP have a similar orientation of vent alignments and main �eld shapes (N88◦E,832

N77◦E, and N29◦E respectively), and therefore this might indicate that the shallow and833
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deep plumbing systems are mainly controlled by the stress �eld of crustal scale structures834

(i.e. fractures). On the other hand, the shape orientations of other clusters (NAVC,835

N88◦E; DVC, N133◦) that do not match with the vent alignments are similar to the local836

extension directions, except for the EVC (N130◦) consisting of almost radial patterns of837

vents (Fig. 7). This might exert that the magma in�ux in the crust exploits all the pos-838

sible weaknesses to erupt in the shallow plumbing system, which is probably controlled839

by the crustal-lithospheric scale structures.840

The PNN analysis reveals that half of the MVFs have a clustered distribution (EVC,841

HKVC, and EMF), while the others display a vent distribution that �ts to the Poisson842

model (non-clustered; Fig. 6). In the clustered vent distribution, the vents are proba-843

bly formed via a single centralized plumbing system (e.g. Bleacher et al., 2009), which844

is concordant with the HKVC and EVC (where two stratovolcanoes are exist) and the845

isolated characteristic of the EMF. For the mechanism of the magma source and its type846

of activity, it is somehow a challenging task to decide which scenario suggested by Le847

Corvec et al. (2013a) for the clustered vent distribution can be viable for the MVFs in848

the CAVP. Although the available age data are rather scarce, the intermittent activity849

of magma source (low �ux and high rejuvenation; Le Corvec et al., 2013a and references850

therein) seems to be more appropriate especially for the EMF consisting predominantly851

of scoria cones and a few maars of basaltic composition (Ercan et al., 1992; Notsu et al.,852

1995; Uslular and Gençalio§lu-Ku³cu, 2019b). However, there are both ma�c scoria cones853

and felsic lava domes within the HKVC and EVC, and thus the hybrid-type activity of854

magma source (both continuous and discontinuous activity; Le Corvec et al., 2013a and855

references therein) would be a better mechanism. As for the non-clustered vent dis-856

tributions, the independent shallow or deep magma reservoirs with low �ux and low857

rejuvenation are the possible sources for the vent formation in these �elds (e.g. Bleacher858

et al., 2009). The bimodal compositions together with various indications for the magma859

mixing in these MVFs (i.e. NAVC, DVC and KMF) also support this claim. Besides,860

the presence of both clustered and non-clustered vent distribution within the CAVP is a861

good indication for the complexity in the geodynamical characteristics of the CAVP.862

The main trends of cone elongations (almost E-W) in all MVFs of the CAVP are par-863

allel/oblique to the regional extensional direction (N0-90◦E; Fig. 7). However, the vent864

alignments are distinct and variable in each cluster (Fig. 7). Generally, there are two865
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main preferred or dominant directions of vents de�ned in almost all the clusters in the866

CAVP (Fig. 7), that is also suitable with other volcanic regions related to strike-slip867

(or wrench) tectonism (e.g. Armenia, Pinacate; Le Corvec et al., 2013b and references868

therein). However, the Kula volcanic �eld (e.g. Tokçaer et al., 2005; �en et al., 2014),869

for instance, located within a pure extensional tectonic regime of the western Anatolia870

shows clustered vent distribution with more than two main preferred orientations (Le871

Corvec et al., 2013a). The vents only in the NAVC display almost extension-normal872

alignment trend, whereas those in other clusters are aligned parallel/oblique to the re-873

gional extension axis (Fig. 7). However, when the local extension trends are considered,874

DVC and EMF have also extension-normal vents (Fig. 7). The extension parallel/oblique875

lineaments might indicate two main mechanisms for the emplacement of vents (e.g. Le876

Corvec et al., 2013a; Muirhead et al., 2015), namely the pre-existing structures (e.g.877

Gudmundsson and Brenner, 2005; Valentine and Krogh, 2006; Le Corvec et al., 2013b)878

and/or the local rotations of extension direction (or σ3; e.g. Pollard and Aydin, 1984;879

Muirhead et al., 2015) throughout the region. As for the CAVP these two mechanisms880

can be valid, but the latter case seems to be more prevalent as also supported by the881

structural and paleomagnetism surveys in the region (Dirik and Göncüoglu, 1996; Dhont882

et al., 1998; Gürsoy et al., 1998; Platzman et al., 1998; Tatar et al., 2000; Piper et al.,883

2002). However, the role of pre-existing fractures is also obvious in the CAVP, especially884

revealed by the extension-normal vent alignments in the NAVC where the shortening885

trend of basement rocks before the late Miocene is NNW-SSE (Göncüoglu et al., 1994).886

Additionally, the vent and local fault alignments in the DVC and EMF are almost per-887

pendicular to the local extension axes (Fig. 7). The radial vent pattern, on the other888

hand, was solely observed in the EVC with the main trend of N17-38◦E (Fig.7) as also889

inferred in the literature (Toprak, 1998; �en et al., 2003; Higgins et al., 2015). The domi-890

nant extension-parallel/oblique trend in the EVC can be related to the local rotations of891

extension direction which is evident by the southward bending of the CAFZ (i.e. lazy S892

to rhomboidal SSB pull-apart basin, Dirik, 2001; Fig. 8). However, the radial pattern of893

vents is related to either the e�ects of the local stress �eld, probably caused by shallow894

magma reservoirs in the upper crust and also the mechanical interactions along the fault895

zones (e.g. Pollard and Aydin, 1984; Gudmundsson, 2006; 2012; Muirhead et al., 2012)896

and/or major volcano loading (e.g. Van Wyk de Vries and Merle, 1998; Muller et al.,897
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2001; Acocella and Neri, 2009; Le Corvec et al., 2015). Considering the formation of898

EVC along the CAFZ border fault and also the existence of many indications for the899

shallow magma reservoirs beneath the region (Fig. 8), both mechanisms can be valid900

for the radial emplacement of vents in the EVC. On the other hand, the MVFs close to901

the TGFZ border fault has been under the e�ect of this fault zone whose role possibly902

decreases through the southern parts of the CAVP (or the normal fault kinematic of the903

TGFZ increases).904

905

5.3. Geodynamical Perspectives: Special Reference to Crustal Structures906

Central Anatolia is an important part of the escape tectonism in the Anatolia (pos-907

sibly commenced at early Pliocene; e.g. Faccenna et al., 2006) when there is a westward908

movement by lateral extrusion after the collision between Arabian and Eurasian plates909

along the Bitlis Suture Zone during the middle Miocene (e.g. �engör et al., 1985; Okay910

et al., 2010; Philippon et al., 2014; Cavazza et al., 2018). The initiation of widespread vol-911

canism in the CAVP slightly postdates this collision based on the available geochronology912

data (i.e. Keçikalesi caldera, 13.7 ± 0.3 Ma; Besang et al., 1977), and has been directly913

in�uenced by the tectonic changes during its evolution (e.g. Toprak and Göncüoglu, 1993;914

Dirik and Göncüoglu, 1996; Dhont et al., 1998; Froger et al., 1998; Toprak, 1998). Two915

border fault zones, the TGFZ (e.g. Çemen et al., 1999) and CAFZ (e.g. Koçyi§it and Bey-916

han, 1998) (Fig. 8), exert the main control especially for the widespread Plio-Quaternary917

volcanism in the CAVP, either by triggering the volcanism (e.g. Gençalio§lu-Ku³cu and918

Geneli, 2010) or just being used as a pathway for the magma enroute to the surface (e.g.919

Toprak, 1998; Abgarmi et al., 2017). This might be tested, for instance, by the chondrite920

normalized values of CAVP basalts (Uslular and Gençalio§lu-Ku³cu, 2019a) on the Sm vs.921

La/Sm diagram (Supplementary Figure SF2). The main tendency of the CAVP basalts922

is along the source variation pattern, which also favours the idea of mantle heterogene-923

ity (Reid et al., 2017; Uslular and Gençalio§lu-Ku³cu, 2019b). Intra-continental faults924

that might project to the base of the lithosphere result in the decompression melting925

with batch modelling processes (e.g. Cas et al., 2017). Therefore, considering the evi-926

dence of decompression melting (Gençalio§lu-Ku³cu and Geneli, 2010) and the con�icts927

in the possible mechanisms of asthenospheric upwelling in the CAVP (e.g. Delph et al.,928
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2017; Rabayrol et al., 2019), the mechanism controlled by the lithospheric-scale CAFZ929

(Fig. 8) can be a viable scenario for the evolution of CAVP volcanism. Alternatively,930

the CAFZ together with the crustal-depth TGFZ displaying various strike-slip structures931

(e.g. en-echelon structures, releasing bends; e.g. Dirik and Göncüoglu, 1996, Koçyi§it932

and Beyhan, 1998; Dirik, 2001) have certainly given a way to the propagation of magma933

during the evolution of the CAVP (especially after late Pliocene).934

Together with the anticlockwise rotation occurred in two successive temporal stages af-935

ter the collision (i.e. crustal thickening up to the late Pliocene and subsequently the936

acceleration of rotation due to escape tectonics; e.g. Gürsoy et al., 1998; Tatar et al.,937

2000; Piper et al., 2002; Gürsoy et al., 2003), the strike-slip fault (or wrench) tecton-938

ism appears to be one the most suitable geodynamic models for the recent landscape of939

the CAVP (e.g. Aydemir, 2009). Unlike the trend of regional crustal rotation, the vent940

alignments display spatial variations throughout the CAVP (Fig. 7). When the TGFZ941

is considered as a boundary, the MVFs in its northern parts (i.e. the NAVC and DVC)942

display clockwise rotation in the vent alignments through the HKVC that juxtaposes the943

TGFZ (Fig. 7). However, this trend turns slightly anticlockwise in the southern part of944

the TGFZ for the vent alignments of the EMF and KMF (Fig. 7). In addition to the945

possible role of the CAFZ and local faults, the southerly change in the direction of vent946

alignment may re�ect the spatial variations in the characteristics of the TGFZ that are947

also linked to the various crustal- and lithospheric-scale processes (e.g. crustal rotation948

and heating, tectonic escape, uplifting; Krystopowicz et al., 2020 and references therein).949

As for the EVC, both extension-parallel/oblique main trend and the general radial pat-950

tern of the vents proclaim that this part of the CAVP behaves like an immature rift zone951

(e.g. Acocella, 2014; Muirhead et al., 2015) where EVC can be the magmatic transfer952

zone. This claim is also supported by the vent alignments of NAVC and DVC (i.e. almost953

extension-normal) that can be considered as the boundary between the so-called transfer954

zone (i.e. CAFZ) and the distal end of the so-called rift basin (i.e. TGFZ). The vent955

alignments in these regions are mainly controlled by the regional extensional stress �elds956

(Muirhead et al., 2015). Similar to the vent alignments (Fig. 7), the spatial variation957

in the ecc-values (i.e. �eld elongations; Table 6) also corroborates the above claim, and958

there is a signi�cant increase in the ecc-values from EVC through the NAVC and DVC959

up to the HKVC, followed by the decrease throughout the southern ends of the CAVP.960
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Such variation is well-documented in the main Ethiopian rift, for example, where the961

ecc-values increase from the rift border to the main axis (Mazzarini et al., 2016).962

Fig. 8 illustrates the probable crustal- and mantle dynamics beneath the CAVP. The963

type of interaction between lithospheric and asthenospheric mantle, i.e. either melt per-964

colation (Rabayrol et al., 2019) or dripping (e.g. Gö§ü³ et al., 2017; Reid et al., 2017)965

lies beyond the scope of this manuscript. However, the westward propagation of slab966

break-o� in the sinking Arabian segment of the southern Neotethyan slab (e.g. Biryol967

et al., 2011; Cosentino et al., 2012; Schildgen et al., 2014; Rabayrol et al., 2019) has968

mostly controlled the mid-Miocene to recent volcanism in the CAVP. This migration969

also resulted in the uplifting of southern central Anatolia and also signi�cant changes in970

the retreat rates of the Cyprus (i.e. slowing) and Hellenic (i.e. speeding) trenches (e.g.971

Schildgen et al., 2014) (Fig. 1A). Interrelatedly, the dominant N-S convergence in the972

central Anatolia gave way to the NE-SW extension in the late Miocene (e.g. Özsay�n973

et al., 2013; Schildgen et al., 2014), and its consequences together with the triggering of974

border fault zones (i.e. TGFZ and CAFZ) via tectonic escape in the late Pliocene (e.g.975

Faccenna et al., 2006) directly controlled the widespread volcanism in the CAVP (e.g.976

Toprak and Göncüoglu, 1993; Dhont et al., 1998; Toprak, 1998; and this study). Within977

this scenario, the CAFZ, which is situated at the near eastern boundary of the Inner978

Tauride suture zone (Fig. 1A), has a distinct role in the propagation of mantle-derived979

melts enroute to the surface and behaves like an immature rift zone together with the980

EVC (i.e. magmatic transfer zone). This interpretation is well-documented in our multi-981

variate statistical and alignment analysis of vents in the CAVP. On the other hand, the982

TGFZ as a western border fault zone in the region has mostly played a role in the crustal983

propagation of the magma to the surface (e.g. Toprak and Göncüoglu, 1993; Dirik and984

Göncüoglu, 1996; and this study). Additionally, the spatial changes in the kinematic of985

the TGFZ (i.e. changes from almost pure strike-slip in the NW to a transtensional in986

the SE; e.g. Krystopowicz et al., 2020) mostly shaped the vent alignments in the central987

(NAVC, DVC) and southwestern parts (EMF, KMF) of the CAVP (Fig. 7).988

The hot upper mantle with the very slow shear velocities (≤4.2 km/s; Delph et al., 2017)989

beneath the CAVP has been well-documented (e.g. Biryol et al., 2011; Abgarmi et al.,990

2017; Reid et al., 2017; Artemieva and Shulgin, 2019). The low-velocity anomalies ten-991

tatively illustrated in Fig. 8 around 20 km (e.g. Abgarmi et al., 2017) display a good992
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correlation with the widespread volcanism in the CAVP. The compiled earthquake data993

from the central Anatolia (Supplementary Figure SF3) also indicate the possible depth994

of brittle-ductile transition as around 16-20 km (with the maximum events in 8-10 km)995

beneath the CAVP (Fig. 8). Additionally, we interpreted this transition and also the996

depth of dike intrusions with the results of our fractal analysis, considering the Uco val-997

ues (Table 4; Fig. 5). Accordingly, these interpretations are interestingly well correlated998

with the available geophysical studies. For instance, the Curie depths are lower beneath999

the NAVC and DVC (≤10 km; Ate³ et al., 2005) where Uco values are 12 and 8.5 km,1000

respectively (Fig. 8). Also, the deepest Uco value of the EMF (16 km) conforms with the1001

Curie depths in this region (≥15 km; Ate³ et al., 2005). A similar interpretation was not1002

possible for the HKVC and KMF due to the lack of acceptable local slopes in their frac-1003

tal analysis (Fig. 5). Therefore, the depth of possible dike intrusions beneath the HKVC1004

could only be adopted from a recent magnetotelluric study of Tank and Kara³ (2020).1005

On the other hand, there is no data for the KMF, and hence the possible depth could1006

not be directly estimated. As an alternative to all mentioned above related to the fractal1007

outputs, the variation of Uco values throughout the CAVP can only be the indication1008

of slight spatial di�erences in the crustal thickness and/or the depth of brittle-ductile1009

transition. However, in both scenarios, there is a signi�cant role of crustal lithology (e.g.1010

van den Hove et al., 2017) that shows a spatial di�erence in the CAVP (i.e. soft-substrata1011

sedimentary basins in the south of TGFZ, Ere§li plain and Uluk�³la basin, e.g. Clark and1012

Robertson, 2005; Gürbüz et al., 2020; hard-substrata crystalline basement rocks in the1013

north, namely K�r³ehir block; Okay and Tüysüz, 1999).1014

6. Concluding Remarks1015

Our detailed analyses for the morphology and spatial distribution of monogenetic1016

volcanoes in the CAVP using multivariate statistical methods lead us to conclude that:1017

� The six MVFs de�ned in the CAVP display almost all types of scoria cones (e.g.1018

gully, horseshoe, tilted, crater row), lava domes (e.g. spiny, lobate, and coulèe), and1019

maars. In terms of both scoria cones and lava domes, the Erciyes Volcanic Complex1020

is the most voluminous MVFs (VT=6.0±1.5E+08 m3) in the CAVP. The lower1021

morphological ratios such as steep-sided-ness and �at-topped-ness indicate that the1022
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magmatic eruptions are predominate compared to phreatomagmatic ones. The1023

de�ned types of monogenetic volcanoes in the CAVP also support this claim (i.e.1024

mostly scoria cones with subordinate lava domes, and a few maars and tu� rings).1025

Among the various morphometric parameters, the �ank slopes either calculated1026

by formulas or DEMs are the best that show well correlation with the limited1027

geochronological data, and therefore they might be promoted to be used in further1028

relative dating studies. However, there is still a need for more absolute age data to1029

support this claim. The crustal lithology (e.g. soft vs. hard substrata) and fracture1030

network mostly control the morphological variations together with the generally1031

known internal and external factors (e.g. vesicularity, composition, climate, and1032

erosion).1033

� Most of the MVFs in the CAVP except the Hasanda§-Keçikalesi Volcanic Complex1034

and Karap�nar Monogenetic Field have a fractal distribution in space. The fractal1035

dimensions (Df ) are di�erent for each MVF, probably because of the discrepancies1036

in the crustal thickness and the fracture network. The Uco values here are considered1037

as an initial depth of dike intrusions, and display spatial variations; the highest (161038

km) corresponds to the E§rikuyu Monogenetic Field situated in the south of the1039

Tuz Gölü Fault Zone, whereas the lowest corresponds to the northern parts (8.5 to1040

12 km). These values are well-correlated with the available geophysical anomalies1041

(e.g. low-velocity, Curie depth) and the depth of brittle-ductile transition in the1042

crust (16- 20 km) con�rmed by the earthquake catalogue of the region.1043

� The PNN analysis showed that both clustered and non-clustered vent distributions1044

(centralized and single plumbing systems, respectively) are observed in the CAVP.1045

The isolated basaltic E§rikuyu Monogenetic Field and the bimodal Hasanda§-1046

Keçikalesi and Erciyes Volcanic Complexes consisting of two major stratovolcanoes1047

display a clustered vent distribution, while the bimodal Nev³ehir-Ac�göl and De-1048

rinkuyu Volcanic Complexes together with the Karap�nar Monogenetic Field bear-1049

ing the trace of mingling/mixing in lava �ows have a non-clustered vent distribution.1050

In accordance with the crustal lithology and fracture network, the propagation of1051

mantle-derived magma sources is probably intermittent (low �ux high rejuvena-1052

tion) in the E§rikuyu Monogenetic Field where the basaltic volcanism predomi-1053
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nates. However, both continuous and intermittent (hybrid-type) activities can be1054

valid for the Hasanda§-Keçikalesi and Erciyes Volcanic Complexes considering the1055

presence of ma�c scoria cones and felsic lava domes together. On the other hand,1056

the MVFs displaying non-clustered vent distribution have single magma reservoirs1057

with low �ux and low rejuvenation.1058

� The vent alignment and cone/dome elongation analyses provide three di�erent pat-1059

terns, two single orientations (extension-normal and extension-oblique/parallel) and1060

a radial pattern. The �rst orientation is in the continuation of the regional exten-1061

sional axis near the Tuz Gölü Fault Zone. Located at the central part of the CAVP,1062

the second orientation is nearly normal to the regional extension axis, possibly indi-1063

cating the increasing role of pre-existing fractures in the vent formation. The third1064

pattern, located at the Erciyes Volcanic Complex, is radial with a main trend of1065

N17-38◦E. We also observe that the ecc-values increase from the Erciyes Volcanic1066

Complex to the Hasanda§-Keçikalesi Volcanic Complex, and decrease in the south1067

part of the Tuz Gölü Fault Zone. Hence demonstrating that the spatial distribution1068

of the CAVP vents is controlled by the pre-existing fractures, the extensional axis1069

of the regional stress tensor, and the local stress �eld variations.1070

� As inferred in the recent literature, we also agree that the asthenospheric source1071

presents beneath the CAVP is probably related to the slab-tearing processes that oc-1072

curred in the Anatolian segment of the Neo-Tethyan slab, rather than the Cyprus1073

segment, around the mid-Miocene and subsequently propagated westward in the1074

late Pliocene. Accordingly, the processes during and after the collision along the1075

Bitlis Suture Zone have mostly controlled the whole volcanic evolutionary history1076

of the CAVP; i.e. mid-to-late Miocene volcanism mostly controlled by the N-S1077

convergence with a signi�cant crustal thickening, and the later extension-related1078

Plio-Quaternary volcanism mostly governed by the reactivated border fault zones1079

due to the westward tectonic escape. In each stage, the Central Anatolian Fault1080

Zone involving some typical strike-slip components (e.g. en-echelon structures and1081

a releasing bend) and juxtaposing with the Inner Tauride Suture Zone that either1082

triggers the melting and asthenospheric upwelling or not is the region where the1083

mantle-derived magmas are transported to the surface. Therefore, the Erciyes Vol-1084
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canic Complex occurred along the Central Anatolian Fault Zone is also considered1085

as a magmatic transfer zone in the Plio-Quaternary period of CAVP volcanism,1086

and mostly controls the spatial distribution of the vents with the signi�cant help of1087

crustal-level Tuz Gölü Fault Zone and other tectonic features.1088

� Our recent �ndings related to the interaction between tectonism and volcanism1089

revealed by the detailed multivariate statistical and alignment analyses will certainly1090

provide new insights into the understanding of the Plio-Quaternary volcanism in1091

the CAVP. Additionally, these more quantitative outputs will surely be evaluated1092

in the volcanic risk assessment studies recently intended for the CAVP. Possible1093

applications of similar approaches to the other Quaternary volcanic regions within1094

the Anatolia would also be remarkable to create a better constraint for the evolution1095

of the Quaternary volcanism throughout the region.1096
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Table 1: Summary of Quaternary Monogenetic Clusters in the CAVP (modi�ed after Toprak, 1998).

Age data are restricted to those directly related to monogenetic edi�ces, otherwise not considered.
Cluster Name Edi�ce Composition Age (Ma) Method Alignment

EVC Lava Dome (100) dacitic to rhyolitic 0.008-0.60 U-Th/Hea

36Clb

Ar-Arc

radial with

a dominant

NE-SW trend
Scoria Cone (40) basaltic to andesitic 0.01-0.71 K-Ard

Maar (1) basaltic andesitic 0.13-0.35 K-Are

Undif. (44)

NAVC Lava Dome (24) andesitic to rhyolitic 0.02-0.17 U-Th/Hef

K-Arg
N-S

NW-SE
Scoria Cone (10) basaltic to andesitic 0.03-0.62 K-Arg

Maar (6)* rhyolitic 0.02 U-Th/Hef

Tu� Ring (2)* basaltic 0.08-0.11 K-Arg

Undif. (28)

DVC Lava Dome (30) dacitic to rhyolitic 0.09-1.10 U-Pbh

K-Arg
N-S

NE-SW
Scoria Cone (28) basaltic to basaltic

andesite

0.15-0.49 Ar-Arh,i

K-Arg

Maar (1) basaltic

Undif. (3)

HKVC Lava Dome (11) andesitic to rhyolitic 0.009-0.70 U-Th/Hej,k

Ar-Arh,i
NW-SE

NE-SW
Scoria Cone (33) basaltic 0.02-0.13 U-Pbh

Ar-Ari,l

K-Ard,m,n

Maar (1) basaltic

Undif. (34)

EMF Scoria Cone (110) basaltic 0.07-2.60 Ar-Ari

K-Ard,m
N-S

NE-SW

NW-SEMaar (8) basaltic 1.30 Ar-Ari

Tu� Ring ? (1) basaltic

KMF Scoria Cone (17) basaltic 0.16-0.50 Ar-Ari

K-Arm
NE-SW

Lava Dome (1) andesitic

Maar (4)* basaltic

Undif. (3)

*including explosion craters; a�Friedrichs et al. (2020b); b�Sar�kaya et al. (2019); c�Higgins et al.

(2015); d�Do§an-Külahç� et al. (2018); e�Gençalio§lu-Ku³cu (2011); f�Schmitt et al. (2011);

g�Türkecan et al. (2004); h�Aydin et al. (2014); i�Reid et al. (2017); j�Friedrichs et al. (2020a);

k�Schmitt et al. (2014); l�Aydar and Gourgaud (1998) and references therein; m�Notsu et al. (1995);

n�Kuzucuo§lu et al. (2020)
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Table 3: The average morphometric parameters of lava domes within the CAVP
Parameters Symbol EVC NAVC DVC HKVC

N. of domes 91/165 56 13 11 11

Dome height (m) Hdo 156±14 152±23 174±22 110±21
Base diameter (m) Wdo 857±72 1160±100 1443±176 719±86
Crater diameter (m) Wcr 215±29 316±117 501±288 150±34
Crater depth (m) Hcr 18±2 27±9 47±34 17±7
Dome slope (◦) Smean 20.7±0.6 16.6±1.3 15.2±0.9 19.7±2.4
Volume (m3)a Vd 8.1±2.0E+07 8.0±2.4E+07 1.7±0.9E+07 2.2±0.7E+07
DRE corrected vol.b VDRE 1.6±0.4E+07 1.6±0.5E+07 3.4±1.8E+07 4.4±1.4E+06
Ejecta volume (m3)c Vejc 9.8±3.1E+07 1.6±0.8E+08 5.2±4.5+08 2.5±1.0+E07
Total volume (m3) VT 4.3±1.3E+08 6.6±3.1E+07 1.3±1.1E+08 1.4±0.6E+07
Steep-sided-ness (S)d 2Hco/(Wco-Wcr) 0.38±0.01 0.28±0.02 0.26±0.02 0.35±0.05
Error in Sd † 0.07±0.01 0.04±0.01 0.03±0.01 0.08±0.01
Flat-topped-ness (F )d Wcr/Wco 0.20±0.03 0.26±0.10 021±0.06 0.23±0.05
Error in Fd ‡ 0.04±0.01 0.03±0.01 0.02±0.01 0.06±0.01
Relative crater depthdHcr/Hco 0.12±0.03 0.20±0.07 0.15±0.07 0.17±0.11
Crater sloped 2Dcr/(Wcr-Wv) 0.18±0.02 0.19±0.03 0.17±0.04 0.20±0.05

Elongation Wcomin/Wcomax

Do: 0.78±0.08
Cr: 0.84±0.20

Do: 0.75±0.09
Cr: 0.78±0.31

Do: 0.78±0.08
Cr: 0.84±0.20

Do: 0.79±0.11
Cr: 0.89±0.32

amodi�ed after Hasenaka and Carmichael (1985), Vd = πHdo/12 x (W2
cr+WcrWdo+W

2
do)

bKereszturi et al. (2013b), VDRE = Vd x 0.4 x 0.5

cSato and Taniguchi (1997), Wcr = 0.11 x V0.42
ejc

dmodi�ed after Bemis and Ferencz (2017)

† 0.5[(2Hdo+errH)/(Wdo-Wcr-errW)-(2Hdo-errH)/(Wdo-Wcr+errW)]

‡ 0.5[(Wcr+errW)/(Wdo-errW)-(Wcr-errW)/(Wdo+errW)]

Table 4: The parameters of vent spacing and self-similar clustering
Cluster N s (m) CV c Df Lco (km) Uco (km) R2

EVC 185 939 1.15 2 x 10E-07 1.55 0.8 10.0 0.99

NAVC 76 945 1.19 1 x 10E-05 1.16 0.8 12.0 0.99

DVC 62 1676 0.81 4 x 10E-08 1.80 0.6 8.5 0.99

HKVC 79 1212 1.42 - - - - -

EMF 118 1138 0.96 3 x 10E-07 1.48 0.5 16.0 0.99

KMF 25 1131 0.97 - - - - -

Vent Type

Scoria Cone 238 - - 2 x 10E-07 1.40 0.5 15.0 0.99

Lava Dome 165 - - 4 x 10E-06 1.13 0.7 8.0 0.99

N: number of vents; s: average vent separation; CV: coe�cient of variation; c: normalization constant; Df : fractal

exponent (D2); Lco: lower cut-o�; Uco: upper cut-o�; R2: coe�cient of correlation
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Table 5: The results of the PNN and vent alignment analysis for each monogenetic cluster in the CAVP

Basic parameters EVC NAVC DVC HKVC EMF KMF

Measured NN

parameters

Area Convex Hull (m2) 8.68E+08 3.10E+08 4.59E+08 8.55E+08 8.11E+08 1.2E+08

Density (vent/m2) 2.13E-07 2.39E-07 1.18E-07 0.91E-07 1.45E-07 2.05E-07

Mean distance NN (m) 939 945 1676 1212 1138 1131

Expected mean distance NN (m) 1083 1023 1739 1692 1311 1104

Skewness 6.56 2.96 1.45 3.66 5.22 1.79

Kurtosis 64.39 10.08 2.07 14.67 40.71 2.58

NN results

relative to the

Poisson model

R 0.87 0.94 0.96 0.71 0.87 1.03

Distribution Clustered Poisson Poisson Clustered Clustered Poisson

C -3.46 -1.02 -0.60 -4.9 -2.74 0.92

Model �t Rejected Signi�cant Signi�cant Rejected Rejected Signi�cant

Alignment

Analysis

Best max. distance (m) 1360 1552 5118 2606 3738 3291

N. of alignments 26 29 12 49 28 7

Artifact % 12 9.4 0 10 9.7 0

Shape Analysis

Short axis ellipse (m) 29,850 19,209 28,743 22,897 29,918 14,809

Long axis ellipse (m) 37,202 27,707 31,780 51,705 49,882 15,856

Short axis / Long axis 0.80 0.70 0.90 0.44 0.60 0.93

Table 6: VVD and PCA analysis of monogenetic clusters in the CAVP
Cluster ∆α(◦) α(◦) ecc Max axis (km) Min axis (km)

EVC 125 7 0.03 31 29

NAVC 85 125 0.08 21 18

DVC 60 43 0.20 30 20

HKVC 100 74 0.28 40 23

EMF 65 71 0.22 42 26

KMF 70 75 0.13 17 13

∆α(◦): azimuthal angular dispersion in the VVD histogram; α(◦) azimuth of maximum axis of PCA ellipse; ecc:

eccentricity of PCA ellipse; Max & Min axis: length of maximum and minimum axis of PCA ellipse
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Figure 1: A. Inset map showing the Neogene-Quaternary volcanics in the Anatolia (compiled from

MTA 1/500000 scale geological maps) and the geographic location of the CAVP (modi�ed after Uslular

and Gençalio§lu-Ku³cu, 2019a and references therein); B. Distribution of Quaternary monogenetic vents

in the CAVP (modi�ed after Toprak, 1998; Arcasoy et al., 2004) displayed on a shaded digital elevation

model (ALOS 3D World, 30 m x 30 m resolution). Fault dataset (compiled from Pasquare et al., 1988;

Toprak and Göncüoglu, 1993; Dhont et al., 1998; Froger et al., 1998; Genç and Yürür, 2010). IAESZ:

�zmir-Ankara-Erzincan Suture Zone; ITSZ: Inner-Tauride Suture Zone; BSZ: Bitlis Suture Zone; EAFZ:

East Anatolian Fault Zone; NAFZ: North Anatolian Fault Zone; CAFZ: Central Anatolian Fault Zone;

DEF: Dündarl�-Erciyes Fault; DF: Derinkuyu Fault; KF: Keçiboyduran Fault; �DC: �ahinkalesi Dome

Complex; GDC: Göllüda§ Dome Complex
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Figure 2: Quaternary monogenetic clusters in the CAVP displayed on the DEM-based (30 m resolution

AW3D) slope maps, and Google Earth images of the most representative monogenetic volcanoes from

each cluster. References for the fault dataset are as in Fig. 1. Scoria cone morphologies were classi�ed

based on (Dóniz-Páez, 2015) and (Bemis and Ferencz, 2017)
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Figure 3: Comparison of morphometric parameters of scoria cones from each monogenetic cluster.

Dashed and colored lines in A are the regression lines displaying the slope (i.e. ratio) between Hco and

Wco. Dashed lines in B, C, and D correspond to the ideal ratios (Hco/Wco = 0.18; Wcr/Wco = 0.4;

Wood, 1980). The arbitrary arrows in E, F and G display the possible decreasing trends in the �ank

slopes (i.e. steep-sided-ness and S◦mean) with regard to increasing cone ages. See text for further details.
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Figure 4: Comparison of morphometric parameters of lava domes from each monogenetic cluster. Gray

dashed lines in A are the regression lines displaying the ideal slopes (i.e. ratios) between Hdo and Wdo

based on the di�erent dome morphologies (i.e. general ratio = 0.22; coulèe-type = 0.18; Pelean-type =

0.17; low domes = 0.09; Blake, 1990; Aguirre-Díaz et al., 2006). Dashed lines in B and C correspond to

the ideal ratios (Hdo/Wdo = 0.22 or S = 0.7; Karatson et al., 2013 and references therein; Wcr/Wdo or

F = 0.4; after Wood, 1980). The arbitrary yellowish arrows in E and F display the possible decreasing

trends in the �ank slopes (i.e. steep-sided-ness and S◦mean) with the increasing dome ages. See text for

further details.
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Figure 5: Logarithmic plots of l(m) vs. C2(l) displaying the fractal (Df ) or correlation (D2) exponents.

Lco: lower cut-o�; Uco: upper cut-o�
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Figure 6: Number of vents in each monogenetic cluster vs. statistical values of R and c plots. Only the

DVC �ts to Poisson model, but the other MVFs reject the model and display a clustered distribution
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Figure 7: Comparison of azimuth directions and vent alignments with the cone/dome elongations and

local and regional fault directions in each monogenetic cluster. Main azimuth trends shown by solid

dashed lines were determined by the PCA (i.e. azimuth of the �rst eigenvector). N is the total number

of objects (i.e. accepted alignments, cone/dome and faults) used in the analyses. Local extensional axes

were adopted from Dhont et al. (1998) and Genç and Yürür (2010)
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Supplementary Figure SF1. Vent alignment analysis of monogenetic clusters based on the di�erent

thicknesses (11, 16 and 22 m). A. EVC; B. NAVC; C. HKVC; and D. EMF. The best representative

alignment was chosen from those including artifacts ≤10% and higher number of alignment. Styles of

lines given as legend in C are valid for diagrams with other color coding. All computed alignments in

the DVC and KMF were accepted, and hence there is no artifact in these clusters.
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Supplementary Figure SF2. Smn (ppm) vs. (La/Sm)n diagram for the CAVP Quaternary basalts

(data from Uslular and Gençalio§lu-Ku³cu, 2019a). Dashed lines were adopted from Pearce et al. (1995)
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Supplementary Figure SF3. Earthquake dataset for the period of 2010-2019 around central Anatolia

(compiled from the catalog of International Seismological Centre), revealing the possible thickness of the

seismogenic (or brittle) layer beneath the central Anatolia
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