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ABSTRACT 

The interaction and competition between magmatic and tectonic processes mostly control the spatial 

distribution and morphology of monogenetic volcanoes. The Central Anatolian Volcanic Province, 

situated in a strike-slip environment, provides a remarkable opportunity to understand this relationship. 

We defined six monogenetic clusters and analyzed 540 Quaternary monogenetic volcanoes in terms of 

morphological and spatial characteristics. There is no distinct correlation among the morphological 

parameters of scoria cones or lava domes, possibly owing to the various factors and the sporadic nature 

of magmatic activity in the region. Our detailed multivariate statistical and vent alignment analyses 

together with several implications in the literature reveal that the CAVP is a tectonically-controlled 

intraplate volcanic field, which is mostly driven by regional deformations. The presence of both 
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clustered and non-clustered vent distributions and the petrological characteristics of the volcanics 

within the region indicates that the dikes are derived directly by the pre-existing melt-bearing 

heterogeneous mantle (i.e., Eğrikuyu monogenetic field) or the independent and short-lived shallow or 

deep crustal magma reservoirs (i.e., Nevşehir-Acıgöl volcanic field). The local changes in the stress 

regimes and crustal lithology result in variations of field shape, spatial vent distribution, and vent 

alignments throughout the region. The triggering mechanisms for the initiation of the Quaternary 

volcanism in the region can be the lithospheric-scale Central Anatolian fault zone, here considered as an 

immature rift zone where Erciyes volcanic field is developed and behaves as a possible magmatic 

transfer zone. Tuz Gölü fault zone as a western border of the so-called rift basin in the region is mostly 

responsible for the crustal propagation of magma, and the kinematic changes along this fault zone (i.e., 

strike-slip to normal) mostly shaped the spatial vent distributions and alignments of the clusters in its 

close proximity (e.g., Hasandağ-Keçiboyduran volcanic field). 

Keywords: Self-similar clustering, Vent alignment, Strike-slip tectonism, Monogenetic volcanism, Central 

Anatolian Volcanic Province 

1. Introduction 

Monogenetic volcanic fields host the most common volcanic landforms on Earth and can be found in all 

tectonic settings. Monogenetic edifices are small volume volcanoes (  1 km ) formed by a single 

eruptive episode which may have a duration from days to decades and include many different eruptive 

styles driven by the expansion of magmatic volatiles with or without the involvement of ground- or 

surface water (phreatomagmatic) (Valentine and Connor, 2015). The surface morphology of these 

volcanoes is affected by internal (e.g., magma rheology, rate of ascent, and magma/water ratio) and 

external (e.g., tectonic features, climate) factors to produce various types, including scoria cones, maars 

(maar-diatremes), spatter cones, lava domes, tuff cones and tuff rings (e.g., Valentine et al., 2005; 2007; 

White and Ross, 2011; Németh, 2010; Pedrazzi et al., 2013; Németh and Kósik, 2020). Scoria cones and 

maars, which are generally mafic to intermediate in composition, are the most common monogenetic 

edifices (Lorenz, 1975; Settle, 1979; Wood, 1980a; Lorenz, 2007; Graettinger, 2018). One to several 

hundreds of volcanic centers (or vents) can either be found in the isolated volcanic fields (e.g., 

Michoacan-Guanajuato Volcanic Field, Mexico; Connor, 1987) or at the flanks of polygenetic volcanoes 

(e.g., Mauna Kea Volcano, Porter, 1972; Mount Etna Volcano, Mazzarini and Armienti, 2001). The spatial 

distribution of vents has been analyzed by different methods for several decades to understand the link 
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between tectonism and magmatism (e.g., Connor, 1987; White and Ross, 2011; Le Corvec et al., 2013a; 

Muirhead et al., 2015; Valentine and Connor, 2015; Haag et al., 2019; Murcia et al., 2019; Cañón-Tapia, 

2020). As each vent represents the last point of a magma pathway en-route to the surface either from 

shallow (upper crust) or deep (lower crust or mantle) magma reservoirs, their alignment and/or 

clustering represent the possible surface expressions of the underlying magma plumbing systems, 

especially in the brittle upper crust (e.g., Brenna et al., 2011; Germa et al., 2013; Le Corvec et al., 2013a; 

Muirhead et al., 2015). 

The morphological analysis of monogenetic volcanoes (mostly scoria cones) also provides new insights 

into the understanding of both internal and external factors in their formation (e.g., Wood, 1980a; 

Hooper and Sheridan, 1998; Riedel et al., 2003; Dóniz et al., 2008; Favalli et al., 2009; Rodriguez-

Gonzalez et al., 2010; Inbar et al., 2011; Kereszturi et al., 2012; Kervyn et al., 2012; Bemis and Ferencz, 

2017). The morphometry-based studies mostly tackled the reasons for various sizes and shape, and the 

factors (e.g., magma rheology, original eruptive facies, degradation processes, climate) responsible for 

these morphometric differences in monogenetic volcanoes (Wood, 1980b; Hooper and Sheridan, 1998; 

Valentine et al., 2007). Most of the interpretations related to morphology have been generally 

considered as indirectly contributing to the tectonomagmatic evolution of volcanic fields, but the role of 

fault geometry in the eruptive dynamics and morphology has only been recently revealed (Gómez-

Vasconcelos et al., 2020). There are also many attempts to explore the possible link between the age 

and the morphology of scoria cones (i.e., relative chronology), and also a few more suggesting the 

fractal behavior of size-distribution (i.e., width of scoria cones, Kurokawal et al., 1995; Pérez-López et al., 

2011; Uslular et al., 2015). 

We performed morphological, statistical (self-similar clustering, principal component, vent-to-vent 

distance, Poisson nearest neighbor), and vent alignment analyses on Quaternary monogenetic vents in 

the Central Anatolian Volcanic Province (CAVP), one of the most spectacular volcanic fields in Anatolia 

with various types of Miocene-Quaternary polygenetic and several hundreds of Quaternary 

monogenetic volcanoes (Toprak, 1998) (Figs. 1A and B). We defined six volcanic clusters (Fig. 1B) by 

slightly modifying the previous clustering (Toprak, 1998) and considering the volcanological evolution of 

the regions revealed by well-established literature. We also revised the comprehensive vent database of 

Arcasoy (2001) by selecting the Quaternary monogenetic vents (540) and classified them based on their 

types (i.e., scoria cone, lava dome, and maar). We focused especially on the scoria cones and lava domes 

to define their morphological characteristics and to create a link between their spatial distributions and 
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the tectonism in the CAVP. Our approach presented in this study contributes new understanding of the 

role of tectonism on the widespread volcanism in the region (e.g., Pasquare et al., 1988; Göncüoğlu and 

Toprak, 1992; Toprak and Göncüoglu, 1993; Dhont et al., 1998; Toprak, 1998) by providing new insight 

into the mechanical behavior of the crust beneath the region. 

 

2. Quaternary Monogenetic Clusters in the CAVP 

Central Anatolia is a high plateau (  1 km a.s.l; Çiner et al., 2015) located at the Kırşehir block between 

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

Volcanism initiated in the late Cretaceous within the Sakarya zone (NW of Kırşehir block; Galatia 

volcanics; ca. 76 Ma, Koçyiğit and Beyhan, 1998) during the almost coeval closure of the northern Neo-

Tethys ocean along the İzmir-Ankara-Erzincan suture zone (e.g., Okay and Tüysüz, 1999; Pourteau et al., 

2013) (Fig. 1A). After the initiation of a collision between Arabian and Eurasian plates along the Bitlis 

suture zone that resulted in the closure of the southern Neo-Tethys during the middle Miocene (Okay et 

al., 2010; Cavazza et al., 2018), the volcanism continued in the Galatia (ca. 19 Ma to Pliocene?; Wilson et 

al., 1997) and spread throughout the approximate borders of Kırşehir block (Karacadağ to the west, ca. 

21-14 Ma, Asan and Kurt, 2011; Erenlerdağ-Alacadağ-Sulutaş to the southwest, ca. 22-3 Ma, e.g., 

Gençoğlu-Korkmaz et al., 2017; Sivas to the east, ca. 23-4 Ma, e.g., Kocaarslan and Ersoy, 2018; Reid et 

al., 2019). The CAVP within this region is located at the southern part of Kırşehir block and extends 

through the Anatolide-Tauride platform as a NE-SW trending volcanic belt bounded by two major 

transcurrent fault zones, namely the Tuz Gölü (hereafter western border fault) and Central Anatolian 

(hereafter eastern border fault) with its southern component the Ecemiş fault (Toprak and Göncüoglu, 

1993; Koçyiğit and Beyhan, 1998; Çemen et al., 1999; Koçyiğit and Erol, 2001) (Fig. 1B). The preceding 

NNW-SSE to NE-SW compressional stress regime tailed off in the late Miocene (e.g., Özsayın et al., 

2013), and subsequently, the N-S to NE-SW trending extensional regime became active (Göncüoğlu and 

Toprak, 1992; Dhont et al., 1998). The timing of widespread volcanism, which initiated during the middle 

Miocene and continued to the Holocene, has been constrained by geochronology data (13.7   0.3 Ma, 

K-Ar, Keçikalesi caldera, Besang et al., 1977; 8.97   0.64 ka, (U-Th)/He, 2 , Hasandağ stratovolcano, 

Schmitt et al., 2014; Fig. 1B). 

There are some recent attempts to explore this relatively complex geodynamic setting and its role in the 

evolution of widespread CAVP volcanism (Bartol and Govers, 2014; Delph et al., 2017; Göğüş et al., 
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2017; Reid et al., 2017; Di Giuseppe et al., 2018; Rabayrol et al., 2019). Roll-back of the Cyprus slab since 

early or middle Miocene resulted in the delamination or dripping of the sub-continental lithospheric 

mantle (Biryol et al., 2011; Bartol and Govers, 2014; Abgarmi et al., 2017; Delph et al., 2017; Göğüş et 

al., 2017; Rabayrol et al., 2019). This has been interpreted to have caused asthenospheric upwelling, 

which resulted in related mantle melting (e.g., Delph et al., 2017) and the initiation of the CAVP 

volcanism (especially ignimbrite flare-ups; e.g., Aydar et al., 2012). Subsequent break-off of the 

subducting African lithosphere, which is coeval with the uplift of central Anatolia (ca. 8 Ma; Cosentino et 

al., 2012; Schildgen et al., 2014), lead to the upwelling of asthenosphere that has been linked with the 

late Miocene to recent volcanism in the CAVP (Abgarmi et al., 2017; Delph et al., 2017; Reid et al., 2017; 

Schleiffarth et al., 2018). In summary, the CAVP developed within an extensional tectonic regime and 

above a ca. 35-40 km thick crust exhibiting low seismic velocity layers ranging from 15 to 25 km depth 

(possible crustal magma reservoirs; Abgarmi et al., 2017) that overlies a relatively thin metasomatized 

lithospheric mantle and an underlying hot asthenosphere. 

The CAVP exhibits many spectacular volcanic landscapes including Miocene-Pliocene widespread 

ignimbrites (e.g., Aydar et al., 2012), various types of Miocene-Quaternary polygenetic volcanoes (e.g., 

Hasandağ and Erciyes stratovolcanoes, Keçikalesi and Acıgöl calderas) and hundreds of Quaternary 

monogenetic volcanoes (Toprak, 1998; Arcasoy, 2001; Arcasoy et al., 2004). These are typically in the 

form of scoria cones with smaller numbers of lava domes, maars, and tuff rings. Monogenetic volcanoes 

in the CAVP documented in this study are formed either on the flanks of polygenetic volcanoes (e.g., 

Erciyes stratovolcano) or as resurgent phases in calderas (e.g., Acıgöl and Derinkuyu calderas), or in the 

isolated volcanic fields (Eğrikuyu and Karapınar monogenetic fields) (Toprak, 1998) (Fig. 1B). They are 

clustered in six distinct regions (Fig. 1B) based on the spatial distributions of vents and also the 

volcanological evolution of the adjacent field (slightly modified after Toprak, 1998). These regions are 

the Erciyes, Nevşehir-Acıgöl, Derinkuyu, and Hasandağ-Keçiboyduran volcanic fields, and Eğrikuyu and 

Karapınar monogenetic fields (hereafter clusters 1 to 6, respectively; Fig. 1B). 

The Quaternary volcanism in cluster-1 is mostly represented by the Erciyes stratovolcano stage 

consisting of two eruptive cycles that form numerous scoria cones and lava domes with a maar (Şen, 

1997; Şen et al., 2003; Gençalioğlu-Kuşcu et al., 2007). Although a significant number of monogenetic 

volcanoes erupted during the Pleistocene, there are also Holocene felsic lava domes in the region (Table 

1; Sarıkaya et al., 2019; Friedrichs et al., 2021). The spatial vent distribution on the flanks of Erciyes 

stratovolcano is almost radial (Toprak, 1998), but the main trend of vent alignment (especially those in 
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the southwestern flank) is N32 E based on the spatial analysis, indicating a WNW-ESE extension along 

the NNE trending Dündarlı-Erciyes fault (Higgins et al., 2015) (Fig. 1B). 

Acıgöl (or Kocadağ) caldera located at the western part of the region (Yıldırım and Özgür, 1981) is 

characterized by the youngest ignimbrite deposits in the CAVP and various Quaternary monogenetic 

volcanoes (Druitt et al., 1995; Froger et al., 1998; Mouralis et al., 2002; Schmitt et al., 2011; Atıcı et al., 

2019). The lava domes with dacitic to rhyolitic composition (e.g., Batum, 1978; Türkecan et al., 2004; 

Siebel et al., 2011) are the most abundant monogenetic edifices in the region (cluster-2; Table 1), and 

they form two temporally distinct clusters (i.e., late Pleistocene to Holocene, Schmitt et al., 2011). 

Maars, tuff rings, and explosion craters are the second common monogenetic volcanoes in the region 

(Table 1). They are mostly rhyolitic in composition, except for the basaltic trachyandesitic İcik maar and 

Karataş tuff ring (Türkecan et al., 2004; Aydar et al., 2011; Uslular and Gençalioğlu-Kuşcu, 2020). Scoria 

cones of basaltic to andesitic compositions are more dispersed within this cluster, and their formation is 

mostly coeval with the other monogenetic edifices based on the available geochronology data (Türkecan 

et al., 2004). Alignment directions are variable in this cluster (NW-SE, N-S, and NE-SW; Batum, 1978; 

Toprak, 1998). 

The lava dome complexes, numerous scoria cones, and a maar volcano represent the Quaternary 

volcanism in cluster-3 (Table 1) where there is a buried caldera complex (i.e., Derinkuyu, Froger et al., 

1998). Two temporarily successive buried calderas that produced widespread ignimbrites in the region 

also host the Quaternary dome complexes in the region (namely, Şahinkalesi and Göllüdağ; Türkecan et 

al., 2004; Aydin et al., 2014). The mafic scoria cones (Batum, 1978; Türkecan et al., 2004; Aydin et al., 

2014) are mainly concentrated in the northern parts between lava dome complexes to the south and 

the Erdaş stratovolcano to the north (Fig. 2). The available geochronology data on scoria cones 

(Türkecan et al., 2004; Aydin et al., 2014) proclaim that their formations are mostly coeval with the lava 

domes. Narlıgöl is a mafic maar in the region with well-exposed pyroclastic deposits (Gevrek and 

Kazancı, 2000; Uslular and Gençalioğlu-Kuşcu, 2020). The vent alignment is almost identical to cluster-2 

with various directions (Toprak, 1998). 

The cluster-4 consists of two stratovolcanoes (namely Hasandağ and Keçiboyduran) and related 

numerous monogenetic volcanoes (mainly scoria cones with subordinate lava domes) (Figs. 1B and 2). 

The dextral western border fault zone in the CAVP and its components have a direct role in the 

formation of volcanism around this cluster (e.g., Toprak and Göncüoglu, 1993; Dhont et al., 1998; 

Toprak, 1998). The alignment of monogenetic vents in the region with a dominant trend of NW-SE also 
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clearly supports this claim (Toprak, 1998; Ulusoy et al., 2020). The Quaternary products of Hasandağ 

stratovolcano that include scoria cones, lava domes, and two maars are mostly located either at the 

summit or the northwestern parts of the volcano (i.e., Karataş basaltic field; Ercan et al., 1992; Aydar 

and Gourgaud, 1998). Keçiboyduran volcano is an early Pliocene-Quaternary stratovolcano (Aydin et al., 

2014) located at the eastern part of Hasandağ stratovolcano (Fig. 2). The basaltic scoria cones and 

rhyolitic lava domes with related lava flows mostly represent the Quaternary phase of the stratovolcano 

(Aydin et al., 2014) (Fig. 2). Some of these vents are aligned with the NW-SE trending Keçiboyduran fault 

(Toprak and Göncüoglu, 1993). 

Clusters 5 and 6 are the partly isolated monogenetic fields (Figs. 1B and 2). The clustering of 

monogenetic vents in cluster-5 follows two dominant trends, which are generally NE-SW in the west and 

mostly N-S to NW-SE toward to east (Toprak, 1998) (Figs. 1B and 2). Many aligned scoria cones in the 

region are the possible indications of buried faults (i.e., covered mostly by younger sediments and 

ignimbrite flows; Toprak, 1998; Uslular et al., 2015). There are a few basaltic maars in the region (Uslular 

et al., 2015; Uslular and Gençalioğlu-Kuşcu, 2020), and there is no clear temporal relationship with the 

formation of scoria cones based on the available age data (Ercan et al., 1992; Notsu et al., 1995; Reid et 

al., 2017; Doğan-Külahçı et al., 2018). The cluster-6 formed on lacustrine deposits (e.g., Kuzucuoğlu et 

al., 1999) and mainly consists of basaltic scoria cones, maars, and extensive lava fields (Keller, 1974) 

(Figs. 1B and 2). There is a good alignment of maars and adjacent scoria cones along with the NE-SW 

trend, which is almost parallel to the Ecemiş fault (Figs. 1B and 2). The available geochronology data 

reveal that the volcanism in the region has existed in the middle Pleistocene (Reid et al., 2017). 

3. Methods 

3.1. Morphological Measurements 

The Plio-Quaternary vent database in the CAVP (Toprak, 1998; Arcasoy, 2001; Arcasoy et al., 2004) was 

revised by selecting the exact monogenetic edifices (n= 540) and then filtered based on their types (i.e., 

scoria cone, lava dome, maar, tuff ring, and undifferentiated) (Table 1). The available studies in the 

literature, 1:25000 scale topographic maps, different satellite and Google Earth images, and fieldwork 

campaigns further helped us to decipher, when possible, the type of vents. Additionally, all the available 

data in the literature (e.g., geochemistry, geochronology) related to each monogenetic edifice were 

compiled (Supplementary Material Data-S1). Maars are almost 20 in total and their morphological 

characteristics have been studied in detail using high-resolution drone-based digital surface models and 
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orthomosaics (Uslular and Gençalioğlu-Kuşcu, 2020). Therefore, we here only focus on the scoria cones 

and lava domes. 

Morphometric measurements were performed on the scoria cones (174 out of 238) and lava domes (91 

out of 166) using the Advanced Land Observing Satellite World 3D (AW3D) digital elevation models, 

which are the best freely available ones for the CAVP with a 30 m spatial resolution (5 m height 

accuracy; Tadono et al., 2015). The edifices with a height of   15 m were not selected for morphometric 

analyses as they are too small for the detection limits of 30 m resolution digital elevation models. In 

addition, if there is a large breaching or no clear distinction from surroundings via abrupt slope change, 

such cones/domes were not evaluated for morphometric analysis. The measurements were performed 

in four directions along with the monogenetic edifices (i.e., N-S, E-W, NE-SW, and NW-SE), and the 

minimum, maximum, median and mean values were calculated for each volcano (Supplementary 

Material Data-S1). The mean values of basic morphometric parameters (width, height, slope, and 

volume), which were calculated from the mean values of each volcano with 2  standard errors, are 

provided in Tables 2 and 3 for each monogenetic cluster. Also, we classified the morphological types of 

scoria cones (D niz-P ez, 2015; Bemis and Ferencz, 2017) and lava domes (Blake, 1990; Fink and 

Griffiths, 1998; Aguirre-Dı  az et al., 2006; Karatson et al., 2013) (Supplementary Material Data-S1). For 

the flank cones, we measured the heights considering the method of Favalli et al. (2009). The volumes of 

scoria cones and lava domes were calculated by different formulas suggested for the truncated cone 

shapes (Hasenaka and Carmichael, 1985; Riedel et al., 2003; Kervyn et al., 2012) (Tables 2 and 3). For the 

estimation of cone volume (V  ) among the various formulas suggested by different studies (Hasenaka 

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

more commonly used one by Hasenaka and Carmichael (1985) was preferred for further interpretations. 

The bulk volumes were corrected by Dense Rock Equivalent (DRE) eruptive volumes (edifice volume x 

0.40 (  bulk-juvenile) x 0.50 (  DRE-juvenile; Kereszturi et al., 2013a) (Tables 2 and 3). The slopes were 

obtained by both empirical formulas (e.g., Bemis and Ferencz, 2017) and the measurements on digital 

elevation models. The results of the latter method were considered for further interpretations (Tables 2 

and 3). 

Some additional parameters suggested for scoria cones (i.e., steep-sided-ness, flat-topped-ness, relative 

crater depth, and crater slope with error estimations; Bemis and Ferencz, 2017) were also calculated for 

both scoria cones and lava domes in the CAVP (Tables 2 and 3). The error limits of ratio-based 

parameters (i.e., steep-sided-ness, flat-topped-ness) were derived from the empirical formulas 
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suggested by Bemis and Ferencz (2017) (Tables 2 and 3). The ideal value of steep-sided-ness (S = 

2Hco/(Wco-Wcr) is 0.6 (31 ) and corresponds to the traditional ratio of Hco/Wco (0.18; Porter, 1972; Wood, 

1980a), whereas the ratio of 0.4 is the ideal for flat-topped-ness (F = Wcr/Wco). For further 

interpretations, we preferred to use these parameters against the traditional ratios, especially due to 

the fact that steep-sided-ness better represents the flank slopes (Bemis and Ferencz, 2017). 

 

3.2. Fractal Analysis 

Many natural phenomena including earthquakes, floods, and volcanoes obey power-law frequency-size 

statistics and hence are considered as fractal (self-similar) features (e.g., Gutenberg and Richter, 1944; 

Mandelbrot, 1975; Turcotte and Greene, 1993; Malamud and Turcotte, 1999; Legrand, 2002). The size of 

volcanic eruptions (i.e., Volcanic Explosivity Index), the spatial distribution of volcanic vents, size of 

scoria cones, and morphology of volcanic ash particles are the common examples of fractal sets in 

volcanology (e.g., Mazzarini and Armienti, 2001; Ersoy et al., 2007; Pérez-López et al., 2011; Uslular et 

al., 2015). Fractal systems (spatial distribution of volcanic vents in our case) are described by non-integer 

exponent of a power-law function (e.g., Mazzarini and D’Orazio, 2003; and references therein). One of 

the robust methods to calculate the fractal dimensions is the two-point correlation function method, for 

the population of N vents, which defines the correlation integral C2 (l) as (Grassberger and Procaccia, 

1983; Hentschel and Procaccia, 1983; Bonnet et al., 2001): 

  ( ) 
1

 2   ( ), (1)  

where Np (l) is the number of vent pairs (UTM coordinates) whose separation is less than a given length 

l. In this cumulative-frequency-based definition, C2 (l) is considered as scaled with l in the form of l   for 

the fractal set of vents, where D2 is the correlation dimension. We hereafter prefer to use the term Df to 

be consistent while describing the fractal dimension. If scaling holds in Eq. 1, Df is calculated from the 

slope of a linear regression line in the log C2 (l) vs. log(l) plot (e.g., Bonnet et al., 2001) (Table 4). The 

lower (Lco) and upper (Uco) cut-off values (Bonnet et al., 2001), which are the limits between which 

volcanoes have a fractal distribution, were determined and subsequently used for the interpretation 

related to the crustal mechanism (e.g., Mazzarini, 2004; Mazzarini and Isola, 2010). 
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3.3. Vent Spacing and Poisson Nearest Neighbor (PNN) Analysis 

The coefficient of variation (CV) is mostly used to define homogeneity in the distribution of vents (i.e., 

CV   1, regular distribution; CV = 1, random or Poisson distribution; CV   1, clustering of vents; e.g., 

Mazzarini and Isola, 2010 and references therein). The space between volcanic vents is an important 

parameter for the understanding of crustal mechanisms (e.g., distribution of fractures) controlling vent 

spacing in the adjacent volcanic fields (e.g., Mazzarini, 2007; Mazzarini and Isola, 2010; Mazzarini et al., 

2010; 2016). This parameter can be estimated by the Nearest Neighbor (NN) distance method (Clark and 

Evans, 1954) considering the average minimum distance between vents (Table 4). The NN method has 

been commonly used to quantify the spatial distribution of point-like features on Earth and also 

extraterrestrial settings including volcanic edifices (e.g., scoria and rootless cones; Bruno et al., 2006; 

Hamilton et al., 2010; Mazzarini et al., 2016; Hove et al., 2017). The PNN analysis, as a type of NN 

method (Baloga et al., 2007), is performed in the volcanic fields for the understanding of the spatial 

distribution of vents (Connor and Hill, 1995; Le Corvec et al., 2013a). Similarly, we applied this method 

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

monogenetic clusters in the CAVP (Table 5). Details on the methodology for both PNN analysis and GIAS 

outputs can be found in Le Corvec et al. (2013a; and references therein). The basic parameters (e.g., 

convex hull, R, c, and skewness) are listed in Table 5. The convex hull is here defined as a polygon 

created by connecting the outermost volcanic vents (Hamilton et al., 2010; Le Corvec et al., 2013a). The 

statistical values R and c, similar to the CV, are the indication of homogeneity in the vent distribution. 

Ideally, R and c values for a population displaying Poisson distribution are 1 and 0, respectively. 

However, the more dispersed distributions compared to Poisson display R values   1, while the more 

clustered ones have R values    (Beggan and Hamilton, 2010; Le Corvec et al., 2013a). As they are 

sample-size dependent values, all related diagrams are created within the 2σ uncertainty to overcome 

this issue (Le Corvec et al., 2013a). The density of vent distribution can also be estimated by considering 

the ratio between the number of vents (N) and the area of the convex hull (Table 5) (Le Corvec et al., 

2013a; Mazzarini et al., 2016). 

 

3.4. Principal Component Analysis (PCA) 

The PCA is the most common dimensionality reduction method that has been applied to the spatial data 

in different aspects of earth sciences (Demšar et al., 2013), including volcanology (Prima and Yoshida, 
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2010; Mazzarini et al., 2016; Unglert et al., 2016). The original variables are transformed into the new 

uncorrelated axes that are aligned parallel to the directions of maximum variance in the data (e.g., 

Demšar et al., 2013). 

 

In this study, we considered the UTM coordinates of the vents as a pair of variables used in the PCA and 

followed the steps in Mazzarini et al. (2016) (Table 5). After the dataset is scaled to the barycenter (i.e., 

the origin of the new dataset is the average values of coordinates), the covariance matrix (Q) of N vents 

is estimated by: 

  [
cov( , ) cov( ,Y)

cov( ,Y) cov(Y,Y)
] , (2) 

with 

cov( ,Y) ∑
(xi-x‾)(yi-y‾)

N

N
i 1   (3) 

 

where x  and y  are the coordinate values of N vents and their mean values ( ‾ and  ‾) are zero as the 

dataset is translated to barycenter-scaled. The eigenvalues and vectors with the dominant azimuthal 

direction of the largest eigenvectors are also computed (Mazzarini et al., 2016). 

 

We here aim to provide the shape characteristics of the monogenetic clusters in the CAVP using PCA. 

The eccentricity (ecc), for instance, relates the lengths of the first and second eigenvectors of the Q 

(close to 0 and 1 for circular or elliptical volcanic fields, respectively) (Table 5). The azimuthal direction 

of the first eigenvalue of the Q, which is also considered as a proxy for the field elongation (Table 5), 

represents the major trend of a long axis for the shape of volcanic fields (Mazzarini et al., 2016). 

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

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

analyzed (e.g., two-point azimuth method, Lutz, 1986; the VVD, Mazzarini et al., 2016) to understand 

the possible relationship between the spatial vent distribution and the tectonic stress fields (e.g., 

Connor, 1990; Cebriá et al., 2011; Mazzarini et al., 2016; Hove et al., 2017). As the vents are considered 

to be aligned along the same dike or fault (e.g., Takada, 1994), the azimuth values between vents in the 

monogenetic clusters are measured. The total number of the segments in the observed set of vents can 
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be expressed as N(N-1)/2, where N is the total number of vents (Wadge and Cross, 1988). The rose 

diagrams and related histograms of azimuthal distribution in each cluster (Table 5) were used to 

determine the main peaks (the angular error is   3 ) and also the angular dispersion (   ; Mazzarini et 

al., 2016). The unimodal azimuth distribution with a well-defined peak and small dispersion suggests 

well-aligned vents, while the bimodal distribution with several peaks and large dispersion refers to a 

dispersed (or scattered) distribution of vents (Mazzarini et al., 2016). 

3.6. Alignment Analysis 

In addition to the shape and fractal characteristics of the spatial distribution of monogenetic vents that 

provide crucial information for the dike networks at the upper crustal level (e.g., Mazzarini, 2004; 2007; 

Mazzarini and Isola, 2010; Mazzarini et al., 2013), cone elongations and vent alignments are other two 

important parameters, especially for the understanding of dike orientations (e.g., Tibaldi, 1995; Le 

Corvec et al., 2013a; Muirhead et al., 2015). In this regard, we here used the morphologies of cones and 

domes to estimate the possible dike orientations in the upper crust using both observational and 

computational methods (Paulsen and Wilson, 2010; Le Corvec et al., 2013a; Muirhead et al., 2015). If the 

shape reliability of each cone/dome is 1 (probable) or 2 (likely) (Muirhead et al., 2015), and the 

cone/dome or crater axial ratio (long to short) is above 1.2 (Paulsen and Wilson, 2010), the cone/dome 

lineaments were recorded and interpreted as the strike of the dike feeding for that observed volcanic 

feature (Tibaldi, 1995; Muirhead et al., 2015). Additionally, the breaching direction of cones is 

considered as a possible indicator of feeder dyke orientation (Tibaldi, 1995; Muirhead et al., 2015), 

where the possible reason for breaching is the flow emittance rather than flank collapse or basal 

inclination (e.g., Németh et al., 2011). 

The cone lineament data were further supported by the vent alignment analyses performed using the 

MATLAB script of Le Corvec et al. (2013a). Different alignment thicknesses (or width tolerance) were 

considered (i.e., 11 to 21 with 5 m intervals), which also correspond to the limit of A-grade reliability (  

125 m) for the vent alignments suggested by (Paulsen and Wilson, 2010). Subsequently, the best 

regression lines for each thickness were automatically generated (Le Corvec et al., 2013a). The length 

tolerance of the alignment, however, is based on the observed cone distribution in each cluster (i.e., the 

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

2015) (Table 5). The alignments were accepted if three vents were aligned within the limits of length 

tolerance (Fig. 1 of Le Corvec et al., 2013a), and the trend of the regression line was within   15  of a 

cone elongation observed for at least one of the three vents (Paulsen and Wilson, 2010; Muirhead et al., 
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2015). Additionally, each computed alignment for different thicknesses was displayed on digital 

elevation models and other map sources using QGIS (Quantum Geographical Information System, 

version 3.14.15), and those that have geologically suitable lineaments were selected. Moreover, the 

upper limit of the artifact (i.e., ratio of rejected alignments) in each analysis was taken as 10  (Le 

Corvec et al., 2013a), and hence the best maximum distance for the generation of alignment was chosen 

from those having artifacts ≤10  and the higher number of alignments. In other words, the various 

alignment distances were computed for each monogenetic cluster, but the one that has higher accepted 

alignments (geologically) and lower artifacts (accepted vs. rejected alignments) was selected as the best 

maximum distance (Table 5; Supplementary Material Data-S2). In addition, the local and regional fault 

directions compiled and digitalized from the literature data (Pasquare et al., 1988; Toprak and 

Göncüoglu, 1993; Dhont et al., 1998; Froger et al., 1998; Genç and Yürür, 2010) were also displayed on 

rose diagrams (length weighted) created by using the QGIS plugin "Line Direction Histogram" (Tveite, 

2015--2020) and compared with the vent and cone/dome alignments and the general extensional trend 

(N-S to NE-SW; e.g., Özsayın et al., 2013) in the CAVP. 

4. Results 

4.1. Morphological Characteristics 

4.1.1. Scoria Cone Morphometry 

The morphometric parameters of scoria cones (n = 174) are given in Supplementary Material Data-S1, 

and their mean values with 2  standard errors for each monogenetic cluster can be found in Table 2. 

The number of measured scoria cones is the highest in cluster-5 and the lowest in cluster-2 (Table 2). 

Most of the studied scoria cones (n = 75) do not have a crater (amorphous type; Dóniz-Páez, 2015; 

Bemis and Ferencz, 2017). The gully and horseshoe-type cones are also abundant (n = 60; 

Supplementary Material Data-S1). However, ideal-type (Bemis and Ferencz, 2017) or A1-A2 symmetrical 

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

The mean width (or basal diameter) of the cones (W  ) is the largest in cluster-3 (723 69 m) and the 

smallest cluster-2 (536 87 m; Table 2). The mean height of the cones (H  ) changes from 48 9 m in 

cluster-2 to 90 8 m in cluster-1 (Table 2). However, the largest cone in the CAVP is located within 

cluster-6 (Mekedağ; the mean H   and W   values are 209 and 1621 m, respectively; Fig. 3 and 

Supplementary Material Data-S1). Almost half of the measured scoria cones in the CAVP have a crater, 

where the mean widths (W  ) are the largest in cluster-6 (361 39 m) and smallest in cluster-5 (178 12 
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m; Table 2). The cluster-6 also has the deepest craters (H  ; 43 5 m), but the lowest values belong to 

cluster-5 (14 1 m) and cluster-2 (11 3 m; Table 2). Slopes (S ) were measured on digital elevation 

models, and the mean values revealed that gently sloping cones (11.8 1.1 ) were generally found in 

cluster-5, whereas the steepest ones were located at cluster-1 (16.4 0.8 ) and cluster-6 (15.9 1.5 ; 

Table 2). Clusters 3 and 6 have relatively higher DRE-corrected bulk volumes, whereas cluster-2 has a 

lower volume compared to other clusters (Table 2). 

The morphometric parameters and their ratios (e.g., steep-sided-ness and flat-topped-ness; Table 2) 

were also presented in conventional binary plots for each monogenetic cluster with their comparison 

between each other and the age and volume (Fig. 3). Fig. 3A displays a relationship between the mean 

H   and W   of the scoria cones, and the slopes (i.e., H  /W  ) obtained by the regression lines are all 

significantly below the so-called ideal (fresh cone) ratio (0.18; Wood, 1980a), except for a few that have 

greater or nearly equal ratios. However, the computed ratios seem to be consistent with more recently 

suggested ratios (0.098; Favalli et al., 2009). The cluster-5 displays the greatest variance in steep-sided-

ness (S    = 0.12; S    = 0.64), while the clusters 1 and 6 have generally steep scoria cones (0.31 0.08 

and 0.29 0.11, respectively; Table 2 and Fig. 3B). Flat-topped-ness (F = W  /W  ) values in cluster-6 

(0.37 0.05) are very close to the ideal (fresh cone) ratio of 0.4 (Wood, 1980a), whereas those in other 

clusters vary from 0.23 0.05 to 0.31 0.05 (Table 2). 

Fig 3B also illustrates that most of the steep-sided-ness and flat-topped-ness values are moderate, and 

there are only a few outliers that exceed the ideal ratios. There is no clear trend between these values 

and the edifice volumes (Figs. 3C and D). The compiled age data for the CAVP (Supplementary Material 

Data-S1) were also compared with the slopes measured by two different methods (i.e., digital elevation 

model-based slopes and formula-based steep-sided-ness values; Figs. 3E-F). There is no clear trend 

defined between slope and volume of scoria cones in each cluster. There might be some opportunity to 

investigate this possible relationship for the relatively older cones that display a negative trend in 

Figs. 3E-F, but the available geochronology data are not enough to support this claim. 

4.1.2. Lava Dome Morphometry 

The morphometric parameters of lava domes (n= 91) are given in Supplementary Material Data-S1, and 

their mean values with 2  standard errors for each monogenetic cluster are summarized in Table 3. Lava 

domes are only found in four monogenetic clusters (1 to 4), as clusters 5 and 6 are mainly basaltic 

monogenetic fields (Fig. 1B). Lava domes are most abundant in cluster-1 (n =  100; Table 1), and hence 
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the number of measured domes is highest there (n = 56; Table 3). They were also examined in terms of 

morphological diversity (Blake, 1990; Fink and Griffiths, 1998), and most of them are either platy or 

spiny (or Pelèan) with many representative examples of lobate and coulèe types (Fig. 2; Supplementary 

Material Data-S1). However, some lava domes display complex morphologies, such as the Nenezidağ 

lava dome in cluster-2 (92 4 ka; Türkecan et al., 2004 and references therein) with its both spiny and 

lobate morphology. Dikkartın lava dome in cluster-1 (10.1 0.8 ka; Sarıkaya et al., 2019) is one of the 

best examples for coulèe type (Fig. 2). Lava domes also create ridges consisting of aligned spiny domes 

(e.g., on the flanks of Erciyes stratovolcano in cluster-1; Şen et al., 2003; Higgins et al., 2015), or dome 

complexes (e.g., Korudağ in cluster-2; 24.9 2.1 ka; Schmitt et al., 2011) (Figs. 1 and 2). 

For the morphometric analysis of lava domes, we adopted the common parameters mostly used for 

scoria cones (Tables 2 and 3). The mean width (or basal diameter) of the domes (W  ) is the largest in 

cluster-3 (1443 168 m) and the smallest in cluster-4 (719 82 m; Table 3). The height of the domes 

(H  ) varies from 110 20 m in cluster-4 to 174 21 m in cluster-3 (Table 3). In Fig. 4A, the H  /W   

ratios of each cluster were compared to those with ideal (fresh dome) value of 0.22 (Karatson et al., 

2013) and references therein) and different morphologies (i.e., spiny, 0.18; coul e, 0.17; low, 0.09; 

Aguirre-Dı  az et al., 2006). A considerable number of domes are aligned with the ideal dome ratio, 

whereas the regression lines of each cluster are in between low and coulèe type domes (Fig. 4A). The 

lava domes in cluster-1 have the highest ratios close to the coulèe and spiny type domes, which is 

consistent with the observed examples and topography (i.e., flank domes). However, this ratio sharply 

decreases from clusters 2 and 3 (both 0.11) to cluster-4 (0.09) (Fig. 4A). Interestingly, the caldera-

bearing volcanic fields (clusters 2 and 3) with numerous resurgent domes have similar ratios, but cluster-

4 has the lowest, possibly due to a few low-type domes. 

Similar to the scoria cones, the shape parameters of lava domes from each field were also compared 

(Fig. 4B). The ideal value of steep-sided-ness (S or flank slope) for scoria cones (0.6; Bemis and Ferencz, 

2017) was converted by considering the ideal H  /W   ratio of lava domes (Karatson et al., 2013 and 

references therein) to estimate an equivalent value (i.e.,  0.7). However, we kept the same ratio of 

W  /W   (or flat-topped-ness "F" = 0.4; Wood, 1980a) as there is no suggested value for lava domes in 

the literature. For the measured lava domes, there are only a few that exceed the ideal ratio for flat-

topped-ness, but most are located at the mid-range in terms of steep-sided-ness values (Fig. 4B). 

Clusters 1 to 4 have the steepest lava domes (0.38 0.07 and 0.35 0.08, respectively), whereas clusters 

2 and 3 have more gently sloping domes (Table 3). In addition, there is a relatively positive correlation 
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between flat-topped-ness and steep-sided-ness parameters along with two different trends that might 

be linked with the age differences. The bulk volumes are almost identical in each cluster changing from 

0.4 to 1.6 x 10  m  (Table 3). The volumes were also compared with the steep-sided-ness and flat-

topped-ness, and there is a nearly positive trend especially for the steep-sided-ness (e.g., clusters 1 and 

2; Figs. 4C and D). The geochronology data directly from lava domes in the CAVP are rather scarce, and 

hence it is almost impossible to investigate the possible slope differences between younger and older 

domes (Figs. 4E and F).  

4.2. Self-Similar (Fractal) Clustering 

The parameters obtained by the fractal analysis of Quaternary monogenetic vents in the CAVP are listed 

in Table 4. In addition to the fractal distribution of all vents in each cluster, scoria cones and lava domes 

in the CAVP were analyzed separately in terms of self-similar clustering (Table 4). A plateau in the slopes 

(i.e., local slope) of log C (l) vs. log (l) diagrams could not be well-defined for clusters 4 and 6 (Fig. 5), 

either due to the lesser number of vents or spatial distribution of vents or shape characteristics of the 

volcanic fields. The computed fractal dimensions D  from the slope of log C (l) vs. log(l) plots for other 

clusters are: 1.16 (cluster-2); 1.48 (cluster-5); 1.55 (cluster-1); and 1.80 (cluster-3) (Table 4 and Fig. 5). 

On the other hand, the scoria cones and lava domes have D  values of 1.40 and 1.13, respectively (Table 

4). The error for the D  values is almost negligible (i.e., R  = 0.99). The lower (L  ) and upper (U  ) cut-

off values defined by the size ranges of each vent dataset are also given in Table 4. L   values are very 

comparable in each cluster (0.5-0.8 km), while the U   changes from 8.5 km (i.e., shallowest in cluster-3) 

to 16 km (i.e., deepest in cluster-5; Table 4 and Fig. 5). Clusters 1 and 2 have almost similar L   (0.8 km) 

and U   (10 km and 12 km, respectively) values. 

 

4.3. Vent Spacing and Field Shape Characteristics 

The maximum average vent spacing/separation is observed in cluster-3 (1676 m), while clusters 1 and 2 

have the minimum values (939 m and 945 m, respectively; Table 4). The mean distances between the 

vents measured by the Poisson nearest neighbor analysis (not filtered) also reveal similar results 

(Table 5). The area of each cluster defined by a convex hull is also measured, and clusters 1 and 4 are the 

largest volcanic fields in the CAVP (8.68 x 10  and 8.55 x 10  m , respectively: Table 5). These convex 

hulls are also used for the density calculations (number of vents/m ), revealing that the density of vents 

is highest in clusters 1 and 2 (2.13 x 10   and 2.39 x 10   m ) and the lowest in clusters 3 and 4 (1.18 x 
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10   and 0.91 x 10   m ; Table 5). The homogeneity indicators (i.e., coefficient of variation), or the 

short-range clustering, for the distribution of vents are generally equal or greater than 1 (i.e., clustered 

distribution; Table 4). However, the results of the Poisson nearest neighbor analysis show that clusters 

1, 3, and 6 have a vent distribution fitting to the Poisson model (Table 5 and Fig. 7). Other clusters 

display clustered vent distributions (Table 5 and Fig. 7). Although most of the clusters in the CAVP are 

nearly circular (  0.70) based on the shape factor (short/long axes of ellipses drawn upon the convex 

hull), clusters 4 and 6 have more elongated shapes (  0.60; Table 5). As the convex hull shape is more 

sensitive to the outliers, the shape of volcanic fields is then discussed with the results of principal 

component and vent-to-vent distance analyses. 

The field elongations (i.e., eccentricity) and the angular dispersion (   ) obtained by the principal 

component and vent-to-vent distance analyses do not show a clear relationship, except for cluster-1 

(i.e., vents on the flanks of Erciyes stratovolcano) and the individual monogenetic fields (clusters 5 and 

6) that display inverse relationship (i.e., increase in the angular dispersion with the decrease of 

eccentricity) (Table 6). All the monogenetic clusters have nearly circular elongations (i.e., eccentricity 

close to 0; Mazzarini et al., 2016; Table 6). In addition, the eccentricity increases from NE (i.e., 0.03 in 

cluster-1) through the middle part of the CAVP (i.e., 0.28 in cluster-4) towards the SW direction, and 

then again decreases through the SW-end of the region (i.e., 0.13 in cluster-6; Table 6; Fig. 7). 

The main azimuthal trends of the vent distribution are compared in each cluster and also with the main 

fault zones in the CAVP (Fig. 7). In addition, we classify these azimuthal vent trends of each cluster as 

either normal (NW-SE) or sub-parallel (NE-SW), considering the general extensional direction of the 

CAVP (N0-90 E; Özsayın et al., 2013). Cluster-1 is the only exceptional case among the other clusters 

with its almost circular field shape and the radial vent patterns along the flanks of Erciyes stratovolcano 

(Şen et al., 2003) (Tables 5 and 6, and Fig. 7). The dominant azimuthal trend of the spatial vent 

distribution in cluster-1 is in the N7 E direction, consistent with the local tectonic stress (e.g., Toprak, 

1998; Higgins et al., 2015). On the other hand, the trends in other clusters are generally sub-parallel, 

except cluster-2 that has a trend (N115 ) almost normal to the main extensional direction. The latter is 

also parallel to the western border fault and perpendicular to the eastern border fault (Fig. 7). In 

addition, there is a clockwise rotation in the direction of vent alignments from cluster-2 to the southern 

parts (Table 6 and Fig. 7). However, this trend remains mostly constant in the southwestern ends of the 

CAVP. 
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4.4. Vent Alignments and Cone/Dome Elongations 

The maximum distance to form the best alignment is determined considering the ratio of rejected 

alignments (i.e., 10  artifact; Le Corvec et al., 2013a) as illustrated in Supplementary Figure SF1. All 

detected alignments in clusters 3 (n=12) and 6 (n=7) are accepted, and therefore there is no artifact in 

these clusters. However, the number of rejected alignments in other clusters is high (Table 5 and 

Supplementary Figure SF1). The number of accepted alignments is highest in cluster-4 (n=49) and lowest 

in clusters 3 and 6 (Table 5). The most dominant trend in the vent alignments is along the NE-SW 

direction, which is sub-parallel to the main extensional direction (Fig. 7). 

The dominant trend for the vent alignment in cluster-1 is N17-38 E (Fig. 7), but there are also vents and 

faults/lineaments with WNW-trend, which are parallel to the NW-directed tensional fractures (Dhont et 

al., 1998). The main direction of vent alignments is normal to the regional extensional direction only in 

cluster-2, where there is a NW-SE to N-S trend sub-parallel to the western border fault (Fig. 7). In 

cluster-3, there is a similar trend of vent alignment with cluster-1, but some of the alignments are along 

with the main trend of Derinkuyu fault (Toprak and Kaymakçı, 1995) (Figs. 1B and 7). Similarly, cluster-4 

has a dominant trend of N72-90 E with a relatively higher number of vents, possibly due to the 

accumulation of numerous vents (n = 25) in the eastern parts formed by the Plio-Quaternary activity of 

Keçiboyduran stratovolcano (Figs 1B and 2). In addition, the vents in its western part (i.e., Karataş 

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

sub-parallel to the western border fault (Fig. 7). Clusters 5 and 6 are almost identical in terms of 

dominant alignment trends, which are both sub-parallel to the direction of the eastern fault zone (also 

Ecemiş fault) and the regional extension (Fig. 7). 

The elongations of cones and domes are almost identical in all clusters, sub-parallel to the regional 

extension direction (Fig. 7). The main trend is N70-90 E, except for cluster-6 where vents are aligned 

with the direction of N55-75 E (Fig. 7). The role of local and regional faults does not seem to be effective 

in the formation of cones/domes, but again there is an exception in cluster-6 where the elongation 

direction is almost parallel to the main direction of local faults and the eastern fault zone (also Ecemiş 

fault) (Fig. 7). The local extensional directions are relatively similar to the cone/dome elongations in 

clusters 3, 4, and 6 (Fig. 7). 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

5. Discussion 

5.1. Morphological Implications 

Morphological parameters of both scoria cones and lava domes display a scattered pattern in all binary 

plots (Figs. 3 and 4). Degradation can be one of the processes that result in this variation in the 

morphologies (e.g., Wood, 1980b; Hooper and Sheridan, 1998; Fornaciai et al., 2012; Kereszturi et al., 

2012). Scoria cone degradation depending on different factors (e.g., time interval, climate) causes a 

progressive decrease in the morphological parameters of scoria cones compared to the theoretical 

parameters of an ideal fresh edifice (i.e., repose angle of 31 , 0.6 steep-sided-ness, and 0.4 flat-topped-

ness; Wood, 1980a; Bemis and Ferencz, 2017). This is also obvious in our results displayed in Fig. 3B, 

where most of the values plotted in the lower-left panel away from the ideal ratios. Fornaciai et al. 

(2012) suggested that there might be some accumulation of eroded materials at the flank of the cones 

due to the lack of any transporting agent (e.g., high precipitation in humid climatic conditions) that 

result in the larger enlargement of cone width (W  ) compared to crater width (W  ). This type of 

erosion can therefore be observed in arid/semiarid climatic conditions (Fornaciai et al., 2012) that 

mostly characterize the Holocene conditions throughout the CAVP (e.g., Fontugne et al., 1999; Nemec 

and Kazancı, 1999). However, paleoclimatic conditions during Quaternary (at least up to the late 

Pleistocene) were much more humid with various lake environments (e.g., Erol, 1999; Kuzucuoğlu et al., 

1999), when most of the cones/domes were formed. Therefore, it is a challenging task to directly ascribe 

the morphological variations to the paleoclimatic conditions in the CAVP. 

Many other important factors affect the morphological variations: (i) the absence of initial ideal 

cone/dome as in the case of many volcanic fields (e.g., Kervyn et al., 2012; Bemis and Ferencz, 2017; 

Haag et al., 2019); (ii) the age discrepancies among the cones/domes and hence different 

erosional/degradational processes that can also be linked to local climatological conditions (e.g., 

Fornaciai et al., 2012); (iii) the different eruption styles and facies distribution in scoria cones (e.g., 

Valentine et al., 2007; Valentine and Gregg, 2008). Additionally, the average H  /W   ratio of all 

measured scoria cones is 0.08, which is within the limit of scoria cones formed in the extensional 

environments (Fornaciai et al., 2012). This result is in line with the well-known extensional tectonism in 

the CAVP (e.g., Toprak and Göncüoglu, 1993; Dhont et al., 1998; Genç and Yürür, 2010; Özsayın et al., 

2013). 
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Despite some successful attempts towards the estimation of relative ages based on the cone 

morphometry (e.g., Inbar et al., 2011; Haag et al., 2019), the use of traditional morphometric ratios (e.g., 

H  /W  ) mostly gives way to misleading interpretations due to the various internal and external effects 

that control the final morphology (e.g., Kereszturi et al., 2012; Kereszturi et al., 2013b). Therefore, here 

we only compared the formula and digital elevation model-based flank slopes of both scoria cones and 

lava domes with the available radiometric ages to check if there is any meaningful trend or not (Figs. 3E-

F and 4E-F). However, there is no clear trend observed in the monogenetic clusters, possibly due to the 

intermittent magmatic activity or the lack of enough geochronology data to make a robust correlation. 

 

5.2. Tectonomagmatic Controls on Spatial Vent Distribution 

The spatial vent distribution is one of the best indications for the controlling mechanisms of the tectonic 

stress fields in volcanic fields (e.g., Takada, 1994; Le Corvec et al., 2013a; Muirhead et al., 2015; Hove et 

al., 2017; Haag et al., 2019). Therefore, the spatial distribution analysis of vents certainly provides new 

insights into the understanding of volcanological evolution and even risk assessments of the volcanic 

fields (e.g., Connor et al., 2000; Becerril et al., 2013; Mazzarini et al., 2013; Kósik et al., 2020). The 

eruptive volumes and the fissure lengths are also important indicators for the understanding of 

tectonomagmatic processes in volcanic fields (e.g., Valentine and Perry, 2007; Valentine et al., 2017). 

The shape of volcanic fields (i.e., convex hull; see Table 5) would also be the surface expression of the 

magma source in the mantle for scoria cones or in the crust for lava domes if the field elongations 

matched with the vent alignment directions (Le Corvec et al., 2013a). Half of the volcanic fields within 

the CAVP (clusters 4, 5, and 6) have a similar orientation of vent alignments and main field shapes 

(N88 E, N77 E, and N29 E respectively). This might indicate that the shallow and deep plumbing systems 

are mainly controlled by the crustal-scale structures (i.e., fractures). On the other hand, the shape 

orientations of other monogenetic clusters (cluster-2, N88 E; cluster-3, N133 ) that do not match with 

the vent alignments are similar to the local extension directions, except for cluster-1 (N130 ) consisting 

of almost radial patterns of monogenetic vents (Fig. 7). This exception is a common issue for the flank 

eruptions in the polygenetic volcanoes where the regional tectonic stress regime is overhelmed by the 

magmatic pressure (e.g., Nakamura, 1977). . 

The Poisson nearest neighbor analysis reveals that half of the monogenetic clusters have a clustered 

distribution (clusters 1, 4, and 5), while the others display a vent distribution that fits the Poisson model 

(non-clustered; Fig. 6). The clustered vent distribution, especially in clusters 4 and 5, possibly indicates 
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the lateral extent of a partial melting zone in the upper mantle that propagates intermittent dike 

emplacements (e.g., Valentine and Hirano, 2010). This is also consistent with the existing partial melts in 

the heterogeneous upper mantle beneath these regions revealed by several geophysical anomalies (e.g., 

slow shear wave velocities in the upper mantle, Delph et al., 2017) and petrological implications (e.g., 

Gençalioğlu-Kuşcu and Geneli, 2010; Reid et al., 2017; Uslular and Gençalioğlu-Kuşcu, 2019a). 

Considering all other characteristics (e.g., small melting degree, small volume; Uslular et al., 2015; Reid 

et al., 2017; and this study), these volcanic fields are consistent with the low-flux tectonically controlled 

intraplate volcanic fields (Valentine and Perry, 2007). As for the non-clustered vent distributions 

(clusters 2, 3, and 6; Fig. 6), independent and short-lived shallow or deep magma reservoirs are the 

possible sources for the vent formation in these fields (e.g., Valentine and Hirano, 2010; Le Corvec et al., 

2013a). The distinct geochemical characteristics of temporally successive (late Pleistocene to Holocene) 

lava dome activities in cluster-2 (Acıgöl caldera; Siebel et al., 2011) together with shallow upper cut-off 

depths (i.e., initial depth of dike intrusions) in these clusters (Table 4) support this claim. These fields 

have also both low-flux and low-rejuvenation magma activity (e.g., Le Corvec et al., 2013a). Regardless 

of the potential interpretations for vent clustering in CAVP, the presence of both clustered and non-

clustered vent distribution is a good indication of the complexity in the geodynamical characteristics of 

the CAVP. 

The main trends of cone elongations (almost E-W) in all clusters are sub-parallel to the regional 

extensional direction (N0-90 E; Fig. 7). However, the vent alignments are distinct and variable in each 

cluster (Fig. 7). Generally, there are two main preferred or dominant directions of vents defined in 

almost all the clusters in the CAVP (Fig. 7), that is also suitable with other volcanic regions related to 

strike-slip (or wrench) tectonism (e.g., Armenia, Pinacate; Le Corvec et al., 2013b, and references 

therein). However, the Kula volcanic field (e.g., Tokçaer et al., 2005; Şen et al., 2014), for instance, 

located within a pure extensional tectonic regime of western Anatolia shows clustered vent distribution 

with more than two main preferred orientations (Le Corvec et al., 2013a). The vents only in cluster-2 

display almost an extension-normal alignment trend, whereas those in other clusters are aligned sub-

parallel to the regional extension direction (Fig. 7). However, when the local extension trends are 

considered, clusters 3 and 5 have also extension-normal vents (Fig. 7). 

The lineaments sub-parallel to the extension direction might indicate two main mechanisms for the 

emplacement of vents (e.g., Le Corvec et al., 2013a; Muirhead et al., 2015), namely pre-existing 

structures (e.g., Gudmundsson and Brenner, 2005; Valentine and Krogh, 2006; Le Corvec et al., 2013b) 
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and/or local rotations of extension direction (or   ; e.g., Pollard and Aydin, 1984; Muirhead et al., 2015). 

As for the CAVP these two mechanisms can be valid, but the latter case seems to be more prevalent as 

also supported by the structural and paleomagnetic surveys (e.g., block rotations, temporal changes in 

stress regime) in the region (Dirik and Göncüoglu, 1996; Dhont et al., 1998; Gürsoy et al., 1998; Platzman 

et al., 1998; Tatar et al., 2000; Piper et al., 2002). However, the role of pre-existing fractures is also 

apparent in the CAVP, especially revealed by the extension-normal vent alignments in cluster-2 (NW-SE 

to N-S) where the shortening trend of basement rocks before the late Miocene is NNW-SSE (Göncüoglu 

et al., 1994). Additionally, the vent and local fault alignments in clusters 3 and 5 are almost 

perpendicular to the local extension axes (Fig. 7). The radial vent pattern, on the other hand, was solely 

observed in cluster-1 with the main trend of N17-38 E (Fig. 7) as also inferred in the literature (Toprak, 

1998; Şen et al., 2003; Higgins et al., 2015). The extension-sub-parallel trend of vent alignments in this 

cluster (N17-38 E) as inferred in the literature (Toprak, 1998; Şen et al., 2003; Higgins et al., 2015) can 

be related to the local rotations of extension direction which is evident by the southward bending of the 

eastern border fault (i.e., lazy S to the rhomboidal pull-apart basin, Dirik, 2001; Fig. 8). However, the 

radial pattern of spatial vent distribution is related to either the effects of the local stress field, probably 

caused by shallow magma reservoirs in the upper crust and also the mechanical interactions along the 

fault zones (e.g., Pollard and Aydin, 1984; Gudmundsson, 2006; 2012; Muirhead et al., 2012) and/or 

major volcano (or topographic) loading (e.g., Van Wyk de Vries and Merle, 1998; Muller et al., 2001; 

Acocella and Neri, 2009; Le Corvec et al., 2015). Considering the formation of volcanism in cluster-1 

along the eastern border fault and also the existence of many indications for the shallow magma 

reservoirs beneath the region (Fig. 8), both mechanisms can be valid for the radial emplacement of 

vents. On the other hand, the trends of monogenetic clusters close to the western border fault have 

likely been affected by this fault zone, which exhibits a possible transition from dominantly strike-slip to 

normal dip-slip kinematics in southern parts of the CAVP. This is further supported by the N-S-aligned 

vents in cluster-5, which are parallel to the N-S trending normal faults of the western border fault zone, 

likely indicating a preference for E-W-directed extension in this region. 

 

5.3. Geodynamical Perspectives: Special Reference to Crustal Structures 

Central Anatolia is an important part of the escape tectonism in Anatolia possibly commenced at the 

late Miocene-early Pliocene (e.g., Şengör et al., 1985; Faccenna et al., 2006) when there is a westward 

extrusion of the Anatolian block along the North and East Anatolian fault zones (Fig. 1A) after the 
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collision between Arabian and Eurasian plates along the Bitlis suture zone during the middle Miocene 

(e.g., Şengör et al., 1985; Okay et al., 2010; Philippon et al., 2014; Cavazza et al., 2018). The initiation of 

widespread volcanism in the CAVP slightly postdates this collision based on the available geochronology 

data (i.e., Keçikalesi caldera, 13.7   0.3 Ma; Besang et al., 1977) and has been directly influenced by the 

tectonic changes (Toprak and Göncüoglu, 1993; Dirik and Göncüoglu, 1996; Dhont et al., 1998; Froger et 

al., 1998; Toprak, 1998). The region has also been under the effect of continuing crustal deformation 

after the collision that resulted in crustal block rotations and temporal changes in the stress regime 

along central Anatolia (e.g., Tatar et al., 2000). The anticlockwise rotation of the southern part of the 

Anatolian block that was mostly juxtaposed to the CAVP was concentrated within the last 1-2 Ma (Tatar 

et al., 2000). This is well-correlated with the widespread volcanism in the CAVP during this time interval, 

possibly due to the tectonic changes in the border fault zone (e.g., the initiation of Quaternary 

volcanism in cluster-1, Toprak, 1998; Fig. 8). Hence, two border fault zones (e.g., Koçyiğit and Beyhan, 

1998; Çemen et al., 1999) (Fig. 8) exert the main control for the widespread Plio-Quaternary volcanism 

in the CAVP, either by triggering the volcanism due to the stress changes (e.g., Gençalioğlu-Kuşcu and 

Geneli, 2010) or just being used as a pathway for the magma en-route to the surface (e.g., Toprak, 1998; 

Abgarmi et al., 2017). Considering all other implications, we here claim that the CAVP is a low-flux 

tectonically controlled volcanic field where the Quaternary volcanism is the passive response of the 

regional deformation (Valentine and Perry, 2007; Valentine and Hirano, 2010). 

The mantle heterogeneity within the CAVP has been revealed by several petrological implications (e.g., 

(Reid et al., 2017; Uslular and Gençalioğlu-Kuşcu, 2019a). Together with small partial melts and small 

volume in the CAVP (e.g., Uslular et al., 2015; Reid et al., 2017), the lack of anomalous heat flow (except 

for the shallow Curie-depths especially in clusters 1, 2, and 3; Ateş et al., 2005) and the less evidence of 

geodynamic changes around the Plio-Quaternary (cf. Delph et al., 2017) indicates the long-lasting 

presence of partial melts in the heterogeneous mantle (e.g., Basin and Range; Valentine and Hirano, 

2010). This is also a suitable scenario for the CAVP and its link with the collision to the east based on the 

recent petrology-oriented geodynamic models (e.g., Uslular and Gençalioğlu-Kuşcu, 2019a; Rabayrol et 

al., 2019). As for the possible triggering mechanism, the intra-continental faults that can project to the 

base of the lithosphere result in the decompression melting with batch modeling processes (e.g., Cas et 

al., 2017; Valentine et al., 2017). Therefore, considering the evidence of decompression melting 

(Gençalioğlu-Kuşcu and Geneli, 2010), the conflicts in the possible mechanisms of asthenospheric 

upwelling in the CAVP (e.g., Delph et al., 2017; Rabayrol et al., 2019), and the changes in regional stress 

fields (e.g., Tatar et al., 2000), the mechanism controlled by the lithospheric-scale Central Anatolian fault 
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zone (Fig. 8) can be a viable scenario for the evolution of Quaternary CAVP volcanism. Alternatively, this 

eastern border fault zone together with the western counterpart (i.e., Tuz Gölü fault zone) displaying 

various strike-slip structures (e.g., en-echelon structures, releasing bends; e.g., Dirik and Göncüoglu, 

1996, Koçyiğit and Beyhan, 1998; Dirik, 2001) may have allowed the propagation of magma during the 

evolution of the CAVP (especially after late Pliocene). 

The anticlockwise rotation of Anatolian block occurred in two successive temporal stages after the 

collision (i.e., crustal thickening up to the late Pliocene and subsequently the acceleration of rotation 

due to escape tectonics; e.g., Gürsoy et al., 1998; Tatar et al., 2000; Piper et al., 2002; Gürsoy et al., 

2003). The strike-slip fault (or wrench) tectonism appears to be one the most suitable geodynamic 

models for the central Anatolia during the Quaternary period (e.g., Aydemir, 2009; Koçyiğit and Doğan, 

2016). The vent alignments display azimuth distributions throughout the CAVP not directly linked to the 

regional anticlockwise rotation of the Central Analtolian block (Fig. 7). When the western border fault 

zone is considered as a boundary, the clusters in its northern parts display clockwise rotation in the vent 

alignments through cluster-4 which is almost juxtaposed to this fault zone (Fig. 7). However, this trend 

turns slightly anticlockwise in the southern part of the fault zone for the vent alignments of clusters 5 

and 6 (Fig. 7). In addition to the possible role of the eastern border fault zone and the local faults, the 

southerly change in the direction of vent alignment may reflect the spatial variations in the 

characteristics of the western border fault zone that are also linked to the various crustal- and 

lithospheric-scale processes (e.g., crustal rotation and heating, tectonic escape, uplifting; Krystopowicz 

et al., 2020 and references therein). As for the cluster-1, both sub-parallel vent alignment to the 

direction of regional extension and the radial pattern of the spatial vent distribution proclaim that this 

part of the CAVP behaves like an immature rift zone (e.g., Acocella, 2014; Muirhead et al., 2015) where 

cluster-1 (Erciyes Volcanic Complex) may be the magmatic transfer zone. This claim is also supported by 

the vent alignments of clusters 2 and 3 (i.e., normal to the extension direction) that can be considered as 

the boundary between the so-called transfer zone (i.e., the eastern border fault zone) and the distal end 

of the so-called rift basin (i.e., the western border fault zone). The vent alignments in these regions are 

mainly controlled by the regional extensional stress fields (Muirhead et al., 2015). Similar to the vent 

alignments (Fig. 7), the spatial variation in the eccentricity values (i.e., field elongations; Table 5) also 

corroborates the above claim, and there is a significant increase in the eccentricity values from cluster-1 

through clusters 2, 3, and 4, followed by the decrease throughout the southern ends of the CAVP. Such 

variation is well-documented in the main Ethiopian rift, for example, where the eccentricity values 

increase from the rift border to the main axis (Mazzarini et al., 2016). 
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Fig. 8 illustrates the probable crustal- and mantle dynamics beneath the CAVP. The type of interaction 

between lithospheric and asthenospheric mantle, i.e., either melt percolation (Rabayrol et al., 2019) or 

dripping (e.g., Göğüş et al., 2017; Reid et al., 2017) lies beyond the scope of this manuscript. However, 

the westward propagation of slab break-off in the sinking Arabian segment of the southern Neotethyan 

slab has mostly controlled the mid-Miocene to recent volcanism in the CAVP (e.g., Biryol et al., 2011; 

Cosentino et al., 2012; Schildgen et al., 2014; Rabayrol et al., 2019). This migration also resulted in uplift 

of southern central Anatolia and also significant changes in the retreat rates of the Cyprus (i.e., slowing) 

and Hellenic (i.e., speeding) trenches (e.g., Schildgen et al., 2014) (Fig. 1A). Interrelatedly, the dominant 

N-S convergence in the central Anatolia gave way to the NE-SW extension in the late Miocene (e.g., 

Özsayın et al., 2013; Schildgen et al., 2014), and its consequences together with the triggering of border 

fault zones via tectonic escape (i.e., change in the regional stress regime; Tatar et al., 2000) in the late 

Pliocene (e.g., Faccenna et al., 2006) directly controlled the widespread volcanism in the CAVP (e.g., 

Toprak and Göncüoglu, 1993; Dhont et al., 1998; Toprak, 1998; and this study). Within this scenario, the 

eastern border fault zone, which is situated at the near eastern boundary of the Inner Tauride suture 

zone (Fig. 1A), has a distinct role in the propagation of mantle-derived melts en-route to the surface and 

behaves like an immature rift zone together with the cluster-1 (i.e., magmatic transfer zone). This 

interpretation is well-documented in our multivariate statistical and alignment analysis of vents in the 

CAVP. On the other hand, the western border fault zone in the region has mostly played a role in the 

crustal propagation of the magma to the surface (e.g., Toprak and Göncüoglu, 1993; Dirik and 

Göncüoglu, 1996; and this study). Additionally, the spatial changes in the kinematics of this fault zone 

(i.e., changes from almost pure strike-slip in the NW to a transtensional in the SE; e.g., Krystopowicz et 

al., 2020) possibly shaped the vent alignments in the central (clusters 2 and 3) and southwestern parts 

(clusters 5 and 6) of the CAVP (Fig. 7). 

The hot upper mantle with very slow shear velocities ( 4.2 km/s; Delph et al., 2017) beneath the CAVP 

has been well-documented (e.g., Biryol et al., 2011; Abgarmi et al., 2017; Reid et al., 2017; Artemieva 

and Shulgin, 2019). The low-velocity anomalies tentatively illustrated in Fig. 8 around 20 km (e.g., 

Abgarmi et al., 2017) display a good correlation with the widespread volcanism in the CAVP. The 

compiled earthquake data from central Anatolia (Supplementary Figure SF2) also indicate the possible 

depth of brittle-ductile transition as around 16-20 km (with the maximum events in 8-10 km) beneath 

the CAVP (Fig. 8). Additionally, we interpreted these anomalies as the possible depth of dike intrusions 

(or stalling magma reservoirs) with the results of our fractal analysis, considering the upper cut-off (U  ) 

values (Table 4; Fig. 5). Accordingly, these interpretations are well correlated with the available 
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geophysical studies and our analysis on the clustering of spatial vent distributions (i.e., clustered vs. non-

clustered fields). For instance, the Curie depths are lower beneath the clusters 2 and 3 ( 10 km; Ateş et 

al., 2005) where U   values are 12 and 8.5 km, respectively (Fig. 8). Also, the deepest U   value of the 

cluster-5 (16 km) conforms with the Curie depths in this region ( 15 km; Ateş et al., 2005). A similar 

interpretation was not possible for clusters 4 and 6 due to the lack of acceptable local slopes in their 

fractal analysis (Fig. 5). Therefore, the depth of possible dike intrusions beneath the cluster-4 could only 

be adopted from a recent magnetotelluric study of (Tank and Karaş, 2020). On the other hand, there is 

no additional data for the KMF, and hence the possible depth could not be estimated. The variation of 

U   values throughout the CAVP can also be an indication of different depths of magma reservoirs (e.g., 

shallower in the cluster-2 and deeper in the cluster-5). However, in both scenarios, crustal lithology 

(e.g., Hove et al., 2017) plays a critical role in controlling spatial differences in vent distributions in the 

CAVP (i.e., soft-substrata sedimentary basins in the south, Ereğli plain, and Ulukışla basin, e.g., Clark and 

Robertson, 2005; Gürbüz et al., 2020; hard-substrata crystalline basement rocks in the north, namely 

Kırşehir block; Okay and Tüysüz, 1999). 

 

6. Concluding Remarks 

Our findings reveal that there is no significant correlation among the morphological parameters of scoria 

cones or lava domes, possibly due to the several factors (e.g., local climatological conditions, facies 

variations) that mostly shape their final morphologies. In addition, the intermittent magmatic activity 

and also the lack of sufficient geochronology data in the CAVP do not enable us to make any correlation 

between morphological parameters and the available ages. 

The multivariate statistical analyses on both spatial distributions of vents and their alignments together 

with many other implications discussed in the literature proclaim that the CAVP is a tectonically-

controlled intraplate volcanic field where the magmatism is driven by the regional deformations. The 

presence of both clustered and non-clustered vent distribution (also considering the petrological 

characteristics) reveals two different scenarios for the dike emplacement: the independent short-lived 

shallow (e.g., Nevşehir-Acıgöl volcanic field) or deep crustal magma reservoirs (e.g., Eğrikuyu 

monogenetic field) intermittently derived from a pre-existing melt-bearing heterogeneous mantle 

beneath the CAVP. 
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Within the strike-slip environment in the CAVP, the regional stress has been changed due to the crustal 

deformation that has continued since the Quaternary coeval with the widespread volcanism. This 

probably resulted in the triggering of the pre-existing melts in the upper heterogeneous mantle via 

lithospheric-scale Central Anatolian fault zone. Therefore, we here suggest that this fault zone behaves 

as a so-called immature rift zone in which the Erciyes volcanic field formed along this fault zone behaves 

as a magmatic transfer zone for the widespread Quaternary volcanism in the CAVP. On the other hand, 

the Tuz Gölü fault zone considered as the western border of a so-called rift basin in the CAVP possibly 

participates in the crustal propagation of magma en-route to the surface. 
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FIGURE CAPTIONS 

Fig. 1A. 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 (modified after 

Uslular and Gençalioğlu-Kuşcu, 2019b and references therein); B. Distribution of Quaternary 

monogenetic vents in the CAVP (modified 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 
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et al., 1998; Genç and Yürür, 2010). IAESZ: İzmir-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: Dündarlı-Erciyes Fault; DF: 

Derinkuyu Fault; KF: Keçiboyduran Fault. Numbers in parenthesis refer to each monogenetic 

cluster; Erciyes (EVC), Nevşehir-Acıgöl (NAVC), Derinkuyu (DVC), and Hasandağ-Keçiboyduran 

(HKVC) volcanic complexes, Eğrikuyu (EMF) and Karapınar (KMF) monogenetic fields. 

Fig. 2. Quaternary monogenetic clusters in the CAVP displayed on the slope maps, and Google 

Earth images of the most representative monogenetic volcanoes from each cluster. Scoria cone 

morphologies were classified based on Dóniz-Páez (2015) and Bemis and Ferencz (2017). 

References for the fault dataset are as in Fig. 1. DEF: Dündarlı Erciyes Fault; DF: Derinkuyu Fault; 

KF: Keçiboyduran Fault. See Fig. 1B for other abbreviations.  

Fig. 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, 1980a). E and F display unclear trend (R2 = 0.2-0.3) in between the mean 

slopes (i.e. steep-sided-ness and S  
 ; Table 3) and the ages. See Fig. 1B for the abbreviations. 

Fig. 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 

H   and W   based on the different dome morphologies (i.e. general ratio = 0.22; coulèe-type   

0.18; Pelean-type   0.17; low domes   0.09; Blake, 1990; Aguirre-Dı  az et al., 2006). Dashed lines 

in B and C correspond to the ideal ratios (H  /W   = 0.22 or S = 0.7; Karatson et al., 2013 and 

references therein; W  /W   or F = 0.4; after Wood, 1980a). E and F display a rather scattered 

trend (R2 = 0.2-0.3) in between the mean slopes (i.e. steep-sided-ness and S  
 ; Table 3) and the 

ages. See Fig. 1B for the abbreviations. 

Fig. 5. Logarithmic plots of l(m) vs. C (l) displaying the fractal (Df) exponents. L  : lower cut-off; 

U  : upper cut-off. See text and Fig. 1B for the abbreviations. 
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Fig. 6. The number of vents in each monogenetic cluster vs. statistical values of R and c plots. 

Only cluster-3 fits Poisson model, but the other clusters reject the model and display a 

clustered distribution. See Fig. 1B for the abbreviations. 

Fig. 7. Comparison of azimuth directions of spatial vent distribution and 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 principal component 

analysis (i.e. azimuth of the first eigenvector). N is the total number of objects used in the 

analyses (i.e. accepted alignments, cone/dome, and faults). Local extensional axes were 

adopted from Dhont et al. (1998) and Genç and Yürür (2010). See Fig. 1B for the abbreviations. 

Fig. 8. Simplified cross-sections (not to scale) along A-A’ and B-B’ profiles displaying the main 

crustal structures beneath the CAVP. The conceptual model for the interaction between the 

upwelling asthenosphere and sub-continental lithospheric mantle (SCLM) was adopted from 

Reid et al. (2017). See text for further discussions. Possible initial depths of dike intrusions 

beneath each monogenetic field are inferred from our fractal analysis (i.e. U   values), except 

for cluster-4 where the local slope could not be defined (Fig.5), and hence the recent 

magnetotelluric imaging results (Tank and Karaş, 2020) were adopted. The low-velocity 

anomalies and possible Moho depth are from Abgarmi et al. (2017) and Vanacore et al. (2013), 

respectively. Faults illustrated in the Central Anatolian fault zone (CAFZ) are those of normal 

components. YF: Yeşilhisar fault. See Fig. 1B for other abbreviations. 

Supplementary Figure SF1. Vent alignment analysis of monogenetic clusters based on the 

different thicknesses (11, 16, and 22 m). A. EVC (cluster-1); B. NAVC (cluster-2); C. HKVC 

(cluster-4); and D. EMF (cluster-5). The best representative alignment was chosen from those 

including artifacts  10  and higher number of alignments. Styles of lines given as legend in C 

are valid for diagrams with other color codings. All computed alignments in clusters 3 and 6 

were accepted, and hence there is no artifact in these clusters. 

Supplementary Figure SF2. 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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Table 1. Summary of Quaternary monogenetic clusters in the CAVP (modified after Toprak, 
1998). Age data are restricted to those directly related to monogenetic edifices, otherwise not 
considered. 

Cluster Name Edifice Composition Age (Ma) Method Alignment 

EVC (1) Lava Dome 
(100) 

dacitic to 
rhyolitic 

0.008-0.60 U-Th/He a,b radial with a 
dominant NE-
SW trend 

36Cl c 
Ar-Ar d 

Scoria Cone 
(40) 

basaltic to 
andesitic 

0.01-0.71 K-Ar e 

Maar (1) basaltic 
andesitic 

0.13-0.35 K-Ar f 

Undif. (44)    

NAVC (2) Lava Dome 
(24) 

andesitic to 
rhyolitic  

0.02-0.17 U-Th/He g N-S 
NW-SE K-Ar h 

Scoria Cone 
(10) 

basaltic to 
andesitic 

0.03-0.62 K-Ar h 

Maar (6) * basaltic 
trachyandesitic 
and rhyolitic 

0.02 U-Th/He g 

Tuff Ring (2) * basaltic 0.08-0.11 K-Ar h 
Undif. (28)    

DVC (3) Lava Dome 
(30) 

dacitic to 
rhyolitic 

0.09-1.10 U-Pb g N-S 
NE-SW K-Ar h 

Scoria Cone 
(28) 

basaltic 0.15-0.49 Ar-Ar i,j 
K-Ar h 

Maar (1) Basaltic   
Undif. (3)    

HKVC (4) Lava Dome 
(11) 

andesitic to 
rhyolitic 

0.009-0.70 U-Th/He k,l NW-SE 
NE-SW Ar-Ar i,j 

Scoria Cone 
(33) 

basaltic 0.02-0.13 U-Pb i 
Ar-Ar j,m 
K-Ar e, n, o 

Maar (1) basaltic   
Undif. (34)    

EMF (5) Scoria Cone 
(110) 

basaltic 0.07-2.60 Ar-Ar j N-S 
NE-SW 
NW-SE 

K-Ar e, n 
Maar (8) basaltic 1.30 Ar-Ar j 
Tuff Ring (1)? basaltic   

KMF (6) Scoria Cone 
(17) 

basaltic 0.16-0.50 Ar-Ar j NE-SW 
K-Ar n 

Lava Dome (1) andesitic   
Maar (4) * basaltic   
Undif. (3)    

*including explosion craters. a− Friedrichs et al. (2021); b− Yurteri (2018); c− Sarıkaya et al. (2019); d− Higgins et al. 
(2015); e− Doğan-Külahçı et al. (2018); f− Gençalioğlu-Kuşcu (2011); g− Schmitt et al. (2011); h− Türkecan et al. 
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(2004); i− Aydin et al. (2014); j− Reid et al. (2017); k− Friedrichs et al. (2020); l− Schmitt et al. (2014); m− Aydar and 
Gourgaud (1998) and references therein; n− Notsu et al. (1995); o− Kuzucuoğlu et al. (2020). 
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Table 2. The mean morphometric parameters of scoria cones in each monogenetic cluster 

Parameters* Symbol EVC (1) NAVC (2) DVC (3) HKVC (4) EMF (5) KMF (6) 

N. of cones 171/238 32 6 22 29 75 10 

Cone height (m) Hco 90±8 48±9 83±11 65±8 68±5 75±21 

Cone width (m) Wco 703±44 536±87 723±69 557±55 676±36 634±141 

Crater diameter (m) Wcr 195±17 236±53 269±41 209±23 178±12 361±39 

Crater depth (m) Hcr 26±3 11±3 28±5 22±4 14±1 43±5 

Cone slope (°) Sco 16.4±0.8 11.8±1.1 14.3±0.9 15.0±0.7 12.5±0.4 15.9±1.7 

Bulk volume (m3) a,b Vco 6.6±1.3E+06 2.1±0.8E+06 8.1±2.3E+06 3.6±0.9E+06 5.7±1.1E+06 7.1±3.8E+06 

Steep-sided-ness (S) c 2Hco/(Wco-Wcr) † 0.31±0.08 0.22±0.08 0.26±0.08 0.25±0.10 0.22±0.07 0.29±0.11 

Flat-topped-ness (F) c Wcr/Wco ‡ 0.27±0.06 0.28±0.06 0.31±0.05 0.29±0.06 0.23±0.05 0.37±0.05 

Relative crater depth c Hcr/Hco 0.35±0.07 0.18±0.01 0.32±0.04 0.27±0.05 0.20±0.02 0.55±0.26 

Crater slope c 2Dcr/(Wcr-Wv) 0.27±0.04 0.12±0.02 0.21±0.03 0.19±0.02 0.15±0.01 0.26±0.07 

Elongation minWco/maxWco 0.78±0.08 0.75±0.09 0.78±0.08 0.79±0.11 0.82±0.09 0.80±0.12 

0.84±0.20 0.78±0.31 0.84±0.20 0.89±0.32 0.86±0.41 0.83±0.15 

* all are the mean values of mean measurements performed in four directions for each scoria cone (Supplementary Material Data-
S1) 
Errors are given as 2 . 
 Hasenaka and Carmichael (1985), V  =  H  /12 x (W  

 +W  W  +W  
 ) 

 Kereszturi et al. (2013b), DRE-correction = V  x 0.4 (  bulk-juvenile) x 0.5 (  DRE-juvenile) 
 Bemis and Ferencz (2017), W  is the vent width and assumed to be 0 m 
  0.5[(2H  +errH)/(W  -W  -errW)-(2H  -errH)/(W  -W  +errW)] 
  0.5[(W  +errW)/(W  -errW)-(W  -errW)/(W  +errW)]; errH and errW are 30 m (resolution of digital elevation models) 
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Table 3. The mean morphometric parameters of lava domes in each monogenetic cluster 

Parameters Symbol EVC (1) NAVC (2) DVC (3) HKVC (4) 

N. of domes 91/65 56 13 11 11 

Dome height (m) Hdo 156±14 152±22 174±21 110±20 

Dome width (m) Wdo 857±71 1160±96 1443±168 719±82 

Crater diameter (m) Wcr 215±28 316±101 501±203 150±29 

Crater depth (m) Hcr 18±2 27±8 47±24 17±6 

Dome slope (°) Sdo 20.7±0.6 16.6±1.2 15.2±0.8 19.7±2.3 

Bulk volume (m3) a,b Vdo 1.6±0.4E+07 1.6±0.5E+07 0.4±0.2E+07 0.4±0.1E+07 

Steep-sided-ness (S) c 2Hdo/(Wdo-Wcr) † 0.38±0.07 0.28±0.04 0.26±0.03 0.35±0.08 

Flat-topped-ness (F) c Wcr/Wdo ‡ 0.20±0.04 0.26±0.03 0.21±0.02 0.23±0.06 

Relative crater depth c Hcr/Hdo 0.12±0.03 0.20±0.07 0.15±0.07 0.17±0.11 

Crater slope c 2Dcr/(Wcr-Wv) 0.18±0.02 0.19±0.03 0.17±0.04 0.20±0.05 

Elongation minWdo/maxWdo 
0.80±0.02 0.90±0.03 0.80±0.03 0.80±0.03 

0.84±0.20 0.78±0.31 0.84±0.20 0.89±0.32 

* all are the mean values of mean measurements performed in four directions for each lava 
dome (Supplementary Material Data-S1). Errors are given as 2 . 
 modified after Hasenaka and Carmichael (1985), V   =  H  /12 x (W  

 +W  W  +W  
 ) 

 Kereszturi et al. (2013b), DRE-correction = V   x 0.4 (  bulk-juvenile) x 0.5 (  DRE-juvenile) 
 modified after Bemis and Ferencz (2017), W  is the vent width and assumed to be 0 m 
  0.5[(2H  +errH)/(W  -W  -errW)-(2H  -errH)/(W  -W  +errW)] 
  0.5[(W  +errW)/(W  -errW)-(W  -errW)/(W  +errW)]; errH and errW are 30 m (resolution 
of digital elevation models) 
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Table 4. The parameters of vent spacing and self-similar clustering 

Cluster N s (m) CV c Df Lco (km) Uco (km) R2 

EVC (1) 185 939 1.15 2 x 10E-07 1.55 0.8 10.0 0.99 

NAVC (2) 76 945 1.19 1 x 10E-05 1.16 0.8 12.0 0.99 

DVC (3) 62 1676 0.81 4 x 10E-08 1.80 0.6 8.5 0.99 

HKVC (4) 79 1212 1.42 - - - - - 

EMF (5) 118 1138 0.96 3 x 10E-07 1.48 0.5 16.0 0.99 

KMF (6) 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: coefficient of variation; c: normalization 
constant; Df: fractal exponent (D2); Lco: lower cut-off; Uco: upper cut-off; R2: coefficient 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 (1) NAVC (2) DVC (3) HKVC (4) EMF (5) KMF (6) 

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 -4.90 -2.74 0.92 

Model fit Rejected Significant Significant Rejected Rejected Significant 

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 
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Table 6. VVD and PCA analysis of monogenetic clusters in the CAVP 

 Cluster ∆α (°) α (°) Ecc Max. axis (km) Min. axis (km) 

EVC (1) 125 7 0.03 31 29 

NAVC (2) 85 125 0.08 21 18 

DVC (3) 60 43 0.20 30 20 

HKVC (4) 100 74 0.28 40 23 

EMF (5) 65 71 0.22 42 26 

KMF (6) 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 
axes of PCA ellipse 
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Highlights 

 The spatial distribution of the vents displays a self-similar (fractal) clustering 

 The Poisson nearest neighbor analysis shows the different depths of magma reservoirs in 
each monogenetic volcanic field 

 The pre-existing fractures, the extensional axis of the regional stress tensor, and the local 
stress field variations are the main controlling mechanisms 

 The Central Anatolian Fault zone is a possible magmatic transfer zone that mostly shapes 
the widespread volcanism in the region. 
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