VOLCANICA Article in Press

This is an uncorrected proof, meaning that this manuscript has not been copyedited or
formatted according to Volcanica's styles and standards. In turn, this means that article
content, including text, may still change prior to final publication. Although articles in press
do not have all bibliographic details available yet, they can be cited using the year of online
publication and the DOI, as follows: author(s)(year), article title, Volcanica, DOL.

Uslular, G., Gencalioglu Kuscu, G., Ruch, J. and Sagir, Cagdas (2026) “Quaternary maar volcanism in the Central
Anatolian Volcanic Province (Tiirkiye): Implications for eruption dynamics”, Volcanica, 9(2). doi: 10.30909/vol/qazs6505.

&
. C}@\
O

>




10

20

25

30

Quaternary maar volcanism in the Central Anatolian Volcanic Province
(Turkiye): Implications for eruption dynamics

Goksu Uslular*!23 Gonca Gengalioglu Kuscu!, Joél Ruch?, Cagdas Sagir*?
I Department of Geological Engineering, Mugla Sitki Kogman University, Kétekli Campus, 48000,
Mugla, Tiirkiye
2 Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, 1205, Geneva,
Switzerland
3 Polar Research Institute, TUBITAK Marmara Research Centre, Gebze Campus, 41470, Kocaeli,
Tirkiye
* Department of Geological Engineering, Middle East Technical University, 06800, Ankara, Tiirkiye
5 Ekofly Engineering, Consultancy, RandD Ltd., Middle East Technical Uni¥ersity Technopolis ETKiM
Block, 06800 Ankara, Tiirkiye
* goksu.uslular@tubitak.gov.tr [corresponding author]
ORCiD (GU): 0000-0001-8485-0093
1% ORCiD (GGK): 0000-0001-9801-6542
ORCiD (JR): 0000-0003-1829-6762
ORCiD (CS): 0000-0001-5962-721X
Keywords: Phreatomagmatism; Maar Volcanism; Tephra-ring facies;/UAV-based mapping; Monogenetic volcanic
fields; Central Anatolia

Abstract

Maars preserve sensitive records of shallow magma_ascent, magma-water interaction, and substrate excavation.
We present the first regional synthesis of 28 Quatérnary maars in the Central Anatolian Volcanic Province (CAVP),
integrating field stratigraphy, lithaefacies Janalysis, componentry, juvenile clast petrography and SEM
micromorphology, whole-rock major-element geochemistry, UAV-based mapping, and morphometry. The maars
range in composition fromgmafic te felsic and formed within hard, mixed, and soft substrates. Tephra-ring
successions record deposits gen€rated by repeated phreatomagmatic explosions through variable contributions
from substrate excavation, ballistic emplacement, debris- or jet-collapse processes, pyroclastic density currents,
fallout, and local remobilization. Mafic-intermediate maar deposits are commonly more lithic-rich and contain
rugged, thick-walled scoriaceous juvenile clasts. In contrast, felsic maars are more juvenile-rich and contain highly
vesicular pumice, perlite, and obsidian. Several maars are spatially and stratigraphically associated with other
monogenetic edifices: scoria cones modify or overprint some mafic-intermediate maars, whereas lava domes

occupy or deform parts of several felsic maars. Where relative chronology is sufficiently constrained, these
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relationships are consistent with transitions from phreatomagmatic maar formation to Strombolian activity, and
to late-stage explosive or effusive rhyolitic activity. Nested, chain-like, and complex crater morphologies indicate
multiple explosion loci, vent migration, structural control, and post-eruptive modification. Substrate effects are
expressed most clearly in lithic assemblages and partially in crater morphology: hard to mixed type-1 substrates
yield predominantly crystalline and volcanic lithics, while mixed type-2 to soft substrates are commonly
associated with sedimentary lithics, gentler crater-wall slopes, soft-sediment deformation, and volcaniclastic
interbeds. The CAVP maars demonstrate that maar evolution reflects the variable influence of magma
composition, substrate properties, hydrogeological conditions, and vent evolution, providing a regional

framework for interpreting compositionally and environmentally diverse monogenetic volcanic systems.

Second-language abstract

Maar volkanlari, s1g magma yiikselimi, magma-su etkilesimi ve temel kaya¢larin kazilmasi siireglerine iliskin
o6nemli kayitlar sunmaktadir. Bu ¢aligmada, Orta Anadolu VolkanikkBolgest (OAVB)’ 'ndeki 18 Kuvaterner yash
maarn ilk bdlgesel sentezi sunulmaktadir. Cokellerin stratigrafisi, litofasiyes analizi, bilesen analizi, juvenil tane
petrografisi ve SEM mikromorfolojisi, tiim kayac ana element jeokimyasi, IHA tabanli haritalama ve morfometri
verileri birlikte degerlendirilmektedir. Maarlar mafikten, felsik bilesime kadar degismekte ve sert, karma ve
yumusak temel litolojilerin igerisinde olusmuslardir. Tefrajhalkasi istifleri; temel kayaglari, balistik yerlesim, debri
jetleri ve jet cokmesi, piroklastik surge tabakalar,ditik mercekler ve jlivenilce zengin lapilli birimler, ve local olarak
yeniden tagmmanin ¢esitli katkilariyla geli§én tekrarlayan freatomagmatik patlamalarin iirtinlerini kaydetmektedir.
Mafik-orta¢ maarlar genellikle litikce Zengin.olup piiriizlii ylizeyli ve kalin vezikiil duvarlarina sahip ciiruf taneleri
icerirken, felsik maarlar jlivenilcgfdahayzengindir ve yiiksek vezikiillii pomza, perlit ve obsidyen icermektedir. Bazi
maarlar diger monojenetik yolkanlasla mekansal ve stratigrafik olarak iliskilidir: ciiruf konileri baz1 mafik-ortag
maar kraterlerini degistirir ve tizerlerken, lav domlar1 bazi felsik maar kraterlerinin belirli boliimlerini doldurmakta
veya deforme etmektedir. Jeokronolojik acidan iliskilendirilebilen 6rneklerde, bu iliskiler freatomagmatik maar
olusumundan Stromboliyen aktiviteye ve ge¢ ever patlamali veya efiizif riyolitik aktiviteye gecislerle temsil
edildigi gdzlemlenmistir. I¢ ice gegmis, zincir seklinde ve karmasik krater morfolojileri; ¢oklu patlama odaklarina,
bacanin yer degistirmesine, yapisal kontrole ve piiskiirme sonrasi modifikasyona isaret etmektedir. Temel
litolojisinin etkisi en belirgin olarak litik bilesenlerde ve kismen krater morfolojisinde goriilmektedir: sert ve karma
tip-1 temel litolojileri ¢ogunlukla kristalen ve volkanik litikler barindirirken, karma tip-2 ve yumusak temel

litolojileri genellikle sedimanter litikler, daha diisiik krater duvar1 egimleri yumusak sediman deformasyonu ve
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volkaniklastik ara seviyeler ile iligkilidir. OAVB maarlari, maar evriminin magma bilesimi, temel litolojisi
ozellikleri, hidrojeolojik kosullar ve baca evriminin degisen etkileriyle sekillendigini gdstermekte ve bilesimsel ve

cevresel agidan farkli monojenetik volkanik sistemlerin yorumlanmasi i¢in bolgesel bir gergeve sunmaktadir.

1 INTRODUCTION

Maar-diatreme volcanoes (hereafter maars) are common monogenetic volcanic landforms that occur in diverse
tectonic settings and substrate lithologies (Lorenz 2003; White and Ross 2011; Graettinger 2018). A maar
comprises a broad, low-rimmed crater excavated below the pre-eruptive surface, a surrounding tephra (or ejecta)
ring composed of pyroclastic deposits, and a subsurface diatreme filled with juvenile and country-rock debris
(Lorenz and McBirney 1970; Lorenz 1973; Lorenz and Kurszlaukis 2007; White and Ross 2011). Most maars are
produced by shallow phreatomagmatic explosions involving interaction between ascending magma and external
water through molten fuel-coolant interaction (MFCI), although the coglant"may include groundwater, surface
water, hydrothermal fluids, or water-bearing sediment (Sheridan andgWehletz 1981; White 1996; Zimanowski et
al. 1997; Biittner et al. 2002). Their deposits and morphologies therefore archive shallow magma ascent, magma-
water interaction, substrate excavation, and eruption dynamics i _monogenetic volcanic systems (Lorenz 2007;
Valentine et al. 2011; Smith and Németh 2017; Valenting’et'al. 2017Y.

Conceptual models of maar formation have changedysubstantially over the last two decades. Earlier models
emphasized progressive downward migration @fsexplosion loci (Lorenz 1973) or single dominant explosions
controlling crater dimensions (Goto et al. 2001)5.Experimental, numerical, and field studies have recently shown
that maars grow incrementally through(many, discrete explosions, with explosion loci migrating vertically and
laterally within an evolving diatréie and occurring at variable depths (< 200 m). Consequently, tephra rings
selectively record explosions_that,excavate and eject material to the surface, whereas explosions that generate
limited or no surface ejecta ma¥ léave no distinct record in the tephra ring (Valentine et al. 2011; Ross et al. 2013;
Taddeucci et al. 2013; Graettinger et al. 2014; Valentine et al. 2014; Graettinger et al. 2015; Valentine et al. 2017;
Sweeney et al. 2018). The scaled-depth framework (d/E'*, where d is explosion depth and E is released energy)
and the optimal scaled depth (OSD) concept provide a useful qualitative basis for evaluating how explosion depth
relative to released energy influences crater excavation and the production of surface ejecta (Goto et al. 2001;
Valentine et al. 2014; Graettinger and Valentine 2017). However, individual beds in natural tephra rings should not
be assigned to specific scaled-depth regimes unless explosion energy, vent/diatreme geometry, and substrate

properties are independently constrained. Lithofacies, grain size, and componentry are therefore useful but non-
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unique process proxies because they may be affected by substrate properties, vent and crater geometry, vent
migration, magma composition, and post-depositional processes. Recognizing these limitations, recent studies
increasingly adopt multi-proxy approaches that integrate field stratigraphy, componentry, juvenile-clast
petrography and geochemistry, crater morphology and mapping (Brenna et al. 2012; Lefebvre et al. 2013; Pedrazzi
et al. 2014; Chako Tchamabé et al. 2016; Graettinger and Valentine 2017; Foote et al. 2022; Nolan and Graettinger
2022).

Interactions between external environmental factors and internal magmatic processes shape the morphology and
architecture of maar deposits. External controls include substrate lithology and mechanical strength, aquifer
architecture (i.e., fracture-controlled or pore-controlled), groundwater availability, pre-existing faults and
topographic relief, crater lake and playa development, and post-eruptive erosion and sedimentation (Lorenz 2003;
Auer et al. 2007; Macorps et al. 2016). Internal controls include magma compositienj)viscosity, volatile content,
ascent rate, magma flux, and the degree of magma evolution within shallow er@istal reservoirs (White and Ross
2011; Berghuijs and Mattsson 2013; Gurusinga et al. 2023; Planaguma etal2023). Both sets of factors may operate
simultaneously and can reinforce or counteract one another, making, interpretations based on any single proxy
inherently ambiguous. Although phreatomagmatic processes oéeur agross a wide compositional spectrum, mafic-
intermediate and felsic maar systems may differ in juvenile-clast textures, associations with other monogenetic
volcanoes, eruption-style evolution, and geochemical,characteristics (White and Ross 2011; Jordan et al. 2015;
Ross et al. 2017; Kosik et al. 2020; Uslular et al. 2022; Planaguma et al. 2023). These differences, superimposed
on contrasting substrate and hydrogeologigal settin@s, contribute to the broad diversity of maar morphologies,
deposit architectures, and clast assemblag€sobserved worldwide (White and Ross 2011; Graettinger 2018; Németh
and Kosik 2020).

The Central Anatolian VolcanicgProvinee (CAVP) is one of the major Neogene-Quaternary volcanic regions in
Tiirkiye (Figure 1A-B), chardctetized by plateau-like topography (~ 1 km a.s.l.) and a semi-arid continental climate.
Extending approximately 250%m across central Anatolia, the CAVP contains numerous polygenetic volcanoes,
voluminous ignimbrite units, and hundreds of monogenetic volcanoes grouped into six volcanic fields (Figure 1B;
Toprak 1998; Aydar et al. 2012; Uslular et al. 2021). Monogenetic volcanism occurs throughout the province,
although its distribution and geological setting vary spatially. The northern and central sectors are dominated by
hard crystalline and volcanic substrates and include both polygenetic and monogenetic volcanic centers, whereas
extensive monogenetic volcanic fields become more prominent towards the south, where volcanism developed
largely over lacustrine and volcano-sedimentary successions (Figure 1B; Keller 1974; Floyd et al. 1998; Toprak

1998; Kuzucuoglu et al. 1999; Yalmiz et al. 1999; Gevrek and Kazanci 2000; Uslular et al. 2015, 2021, 2022;
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Brehme et al. 2021). Quaternary maars in the CAVP range from mafic-intermediate to felsic in composition, occur
within hard, mixed, and soft substrates, and are spatially associated with other monogenetic volcanic edifices, crater
lakes or playas, fault systems, and pre-existing volcanic landforms (Uslular 2023). This diversity makes the CAVP
a particularly well-suited natural laboratory for investigating how internal magmatic and external environmental
factors control the formation and evolution of maars. Despite this potential, previous studies have largely focused
on individual maars or selected volcanic fields (Keller 1974; Gevrek and Kazanci 2000; Gengalioglu-Kuscu et al.
2007; Aydar et al. 2011; Gengalioglu-Kuscu 2011; Uslular et al. 2022), or on the regional petrological evolution of
monogenetic fields that include maars among other volcanic landforms (Reid et al. 2017; Dogan-Kiilahg1 et al.
2018; Uslular and Gengalioglu-Kuscu 2019; Gengoglu Korkmaz et al. 2026). A region-wide synthesis integrating
current concepts in maar volcanism and multi-proxy methods has not previously been attempted. In particular, it
remains unclear how internal magmatic and external environmental factors haveshaped the diversity of CAVP
maars and how they affect eruption dynamics and edifice evolution across_ e@fitrasting volcanic and substrate
settings.

Here, we provide the first integrated regional synthesis of Quaternarysmaar volcanism in the CAVP. We document
18 maars, including 11 with exposed tephra-ring deposits thicker than 1 m, and combine field observations,
lithofacies and grain size analyses, componentry, juvenilesglast pettegraphy and SEM micromorphology, whole-
rock major-element geochemistry, UAV-based mappingiand morphometry, and available geological constraints.
We aim to: (1) characterize the distribution, morphology,%eomposition, and substrate settings of CAVP maars; (2)
classify and interpret their main lithofaciestand\depoSitional processes; (3) compare felsic, intermediate, and mafic
maar systems in terms of deposit archit€cture, juvenile-clast characteristics, and whole-rock compositional
characteristics; (4) evaluate howy stbstrate’ lithology, aquifer architecture, magma composition, associated
monogenetic edifices, and ventqmigration have influenced deposit architecture and crater morphology; (5) use
scaled-depth as a qualitative Jfsamework for evaluating variability in crater excavation and surface-ejecta
production; and (6) place ‘@AVP maar volcanism within the broader context of compositionally and

environmentally diverse monogenetic volcanic systems.
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2 MONOGENETIC VOLCANISM IN THE CAVP

The Neogene tectonic evolution of Anatolia is commonly interpreted as tectonic escape, involving the westward
displacement of Anatolia accommodated primarily by major strike-slip fault systems following the Arabia-Eurasia
collision (Sengor et al. 1985). In central Anatolia, which occupies a transitional region between extensional western
Anatolia and compressional eastern Anatolia (Figure 1A), the NE-SW-directed strike-slip tectonism and
transtensional deformation have been active since at least the late Miocene (Gonciioglu and Toprak 1992; Dhont
et al. 1998; Tatar et al. 2000; Aydemir 2009; Ozsayn et al. 2013). The CAVP lies within this tectonically
transitional region and has experienced widespread volcanism from the middle Miocene to the present (Goncilioglu
and Toprak 1992; Toprak 1998). The CAVP includes approximately 19 polygenetic volcanoes, voluminous
ignimbrite deposits, and widespread monogenetic volcanism, with ~540 Quaternasy monogenetic vents grouped
into six volcanic fields (Aydar et al. 1995; Toprak 1998; Aydar et al. 20125 Uslular et al. 2021). It has been
interpreted as a low-flux intraplate volcanic field, bounded and controlled by two transtensional strike-slip fault
zones (Uslular et al. 2021): the Tuzgdlii and Central Anatolian fawgltizones, which have dextral and sinistral
kinematics, respectively (Toprak and Gonciioglu 1993; Cemen etsak, [999). Quaternary monogenetic volcanism is
widespread throughout the province and includes numerous scoria,cones and lava domes, as well as less abundant
maars and tuff rings/cones (Toprak 1998; Aydar et al. 204T;Wslular €t al. 2021).

Monogenetic volcanoes in the CAVP are clustered intoysixadistinct volcanic fields (Figures 1B and 2A-E), whose
distribution reflects regional tectonic structures#amd variations in substrate lithology (Uslular et al. 2021). The
northern and central parts of the CAVP inglude both polygenetic volcanic complexes (e.g., Nevsehir-Acigol
caldera, Erciyes stratovolcano) and mon@genetic’ volcanic centers (Druitt et al. 1995; Dhont et al. 1998; Sen et al.
2003; Aydar et al. 2011; Cubukcu &t al."2024; Figures 1B and 2A-B), and are dominated by crystalline basement
rocks and volcanic units intercalated with Neogene sediments (Gonciioglu and Toprak 1992; Yaliniz et al. 1999).
In contrast, extensive monogefietie fields such as Egrikuyu and Karapmar become more prominent towards the
southern sector of the province (Keller 1974; Aydar et al. 1995; Uslular et al. 2015), where they developed largely
within paleolacustrine successions comprising limestone bedrock overlain by Neogene volcano-sedimentary
deposits (Kuzucuoglu et al. 1999; Bayer-Altin et al. 2015).

Phreatomagmatic activity within the CAVP is represented by maars and a few tuff rings (Toprak 1998; Aydar et
al. 2011) (Figures 1 and 2A-E). Many CAVP maars are depicted in regional geological maps and briefly described
in reports published by the Mineral Research and Exploration Directorate of Tiirkiye (MTA) (Tiirkecan et al. 2004),

but detailed studies remain relatively scarce. Keller (1974) was the first to describe the depositional and petrological
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characteristics of maars and other monogenetic volcanoes in the Karapinar Monogenetic Field (KMF; Figures 1
and 2E). Gevrek and Kazanc1 (2000) investigated the basaltic Narlig6l maar in the Derinkuyu Volcanic Complex
(DVC,; Figures 1 and 2C) and proposed a basic morphological classification of maars based on crater size. Tiirkecan
et al. (2004) presented field observations and eruption scenarios for maars within the Acigél caldera and provided
petrological and geochronological information on the Obruk scoria cone near Icik maar. The Cora maar within the
Erciyes Volcanic Complex (EVC; Figures 1 and 2A) is the most extensively studied in the CAVP, with previous
studies focusing on its depositional and petrological characteristics (Gengalioglu-Kuscu et al. 2007; Gengalioglu-
Kuscu 2011). Aydar et al. (2011) examined several maars (Acigdl-N, Kocadag, and icik) in the Nevsehir-Acigdl
Volcanic Complex (NAVC; Figure 1), and Uslular et al. (2022) subsequently investigated their depositional and
petrological characteristics in greater detail. Other maars, such as Kutdren (M15; Figures 1 and 2D), have been
incorporated into regional petrological studies together with volcanic rocks (fremjsurrounding monogenetic
volcanoes (Reid et al. 2017; Dogan-Kiilahg¢1 et al. 2018; Uslular and Gengalioglu-Kuscu 2019; Cubukcu et al.
2024). In addition to maars, hydrovolcanism is represented by tuff rings/€onesdn the NAVC (Karatas and Kuzuluk;
Aydar et al. 2011; Figure 2B) and explosion craters in both the NAV.C (around Kocadag; Druitt et al. 1995) and
KMF (Yilanobrugu, Keller 1974; Figure 2E). Geochronologicdl data for CAVP maars are also limited (Table 1).
Direct absolute ages are available for only a few maars, including“€ora (126-353 ka, K-Ar, Gengalioglu-Kuscu,
2011) and Acig6l-N (20.3 = 0.9 ka, 2o, U-Th/He; Schiitt,et al: 2011), whereas the ages of others are constrained
indirectly by ages obtained from adjacent monogenetic volcanoes (e.g., Mekeobrugu maar, > 390 + 90 ka, 20, Ar-
Ar, Reid et al., 2017). Sediments preserve@yin mdarflakes and playas, including those of Acigdl-N, Narligol, and
Mekegolii, have additionally been investigatedyas archives for paleoenvironmental reconstructions of the region

(Kuzucuoglu et al. 1998; Roberts et al200;#Roberts et al. 2016; Tuncer et al. 2019).
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Figure 1: [A] Simplified tectehicymap of Tirkiye illustrating Neogene-Quaternary volcanics (compiled from Senel
2002) and active faults (Emr al. 2018). The shaded digital elevation model (15 arc- second global relief,
SRTM15+V2.7 original) is produced using PyGMT (Tian et al. 2024) and Web-GMT tools (Salihoglu and Uslular 2025).
Abbreviations are: WAVP: Western Anatolian Volcanic Province; CAVP: Central Anatolian Volcanic Province; EAVP:
Eastern Anatolian Volcanic Province; BZSZ: Bitlis-Zagros Suture Zone; DSFZ: Dead Sea Fault Zone; EAFZ: East
Anatolian Fault Zone; EF: Ecemis Fault; NAFZ: North Anatolian Fault Zone; TGFZ: Tuz Golii Fault Zone. [B] The spatial
distribution of CAVP maars and some of the polygenetic volcanoes (e.g., Hasandag, Erciyes) is displayed on a colored
relief map (3 arc-second global relief). Maar compositions are mainly from this study. The maars labelled M1 to M18
are Cora, inalli, Kalecitepe, Acigél-N, Korudag, icik, Narligél, Yipraktepe, Obruk, Leskeri, Karafatma, Cayankislasi,
Develiini, iblizliini, Kutdren, Acigol-K, Mekegélii, and Mekeobrugu. EVC: Erciyes Volcanic Complex; NAVC: Nevsehir-
Acigdl Volcanic Complex; DVC: Derinkuyu Volcanic Complex; HKVC: Hasandag-Kegiboyduran Volcanic Complex; EMF:
Egrikuyu Monogenetic Field; KMF: Karapinar Monogenetic Field.
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Figure 2: Red relief image maps of volcanic fields where the studied maars (M1 to M18; Table 1) are located. The
maps were derived from 30 m-resolution ALOS3D DEMs. Op and On represent positive and negative openness,
respectively: [A] The Erciyes volcanic complex (EVC); [B] The Nevsehir-Acigél caldera complex (NAVC); [C] The
Hasandag-Kegiboyduran volcanic complex (HKVC); [D] Egrikuyu and [E] Karapinar monogenetic fields. Age data from
the literature (Tiirkecan et al. 2004; Aydar et al. 2011; Gengalioglu-Kuscu 2011; Schmitt et al. 2011; Aydin et al. 2014;
Reid et al. 2017; Friedrichs et al. 2020, 2021). Id: lava dome; tf: tuff ring; sc: scoria cone.



225

230

235

240

245

3 METHODS AND MATERIALS

3.1 Field observations and mapping

We conducted fieldwork throughout the CAVP in 2017 and 2018 to identify representative outcrops of previously
documented maars (Kazanci et al. 1995; Gevrek and Kazanci 2000; Gengalioglu-Kuscu et al. 2007; Aydar et al.
2011) and to investigate lesser-known maars in the region. Of the 18 studied maars, 11 had accessible tephra-ring
exposures thicker than 1 m and were therefore included in detailed stratigraphic and granulometric analyses.
Suitable exposures were not available at M3, M8, M10, M12, M13, M14, and M18 (Figure 1B). At each exposed
section, we collected representative samples of the identified lithofacies from am area of ~0.1 m? within the
lowermost 2.5 m of the exposed stratigraphic succession for grain-size and cemponentry analyses. Each outcrop
was also described in terms of stratigraphy, bedding characteristicsg(€.g., /sedimentary structures, facies
descriptions, thickness), and types of juvenile and lithic clasts.

Existing geological maps of the studied maars were revised whenmayailable, whereas new geological maps were
prepared for maars that had not previously been mapped in detaili(Supplementary Figure S1). To complement the
field observations, 12 maars with visible topography suit@bléyfor UAV surveying and appropriate field conditions
(e.g., outside settlements and military zones) were surveyedyusing a lightweight UAV (DJI Phantom 3 Pro). Drone
images acquired with ~ 65-70 % overlap ratio weréprocessed via Agisoft Metashape Professional Edition software
following the Structure from Motion-Multi-View,Stereo (STM-MVS) workflow (Bemis et al. 2014). In addition to
the resulting high-resolution orthomaesaics andfdigital elevation models (DEMs), mapping incorporated WorldView
1-2 images (~50 cm resolution), Google Barth images, 1/25000-scale topographic maps, and 30 m resolution ALOS
(Advanced Land Observing Satellite) World 3D (ALOS3D) DEMs (Tadono et al. 2015). For regional maps of
volcanic fields containing the gtudied maars (Figure 2), we generated red relief image maps (RRIM; Chiba et al.
2008) from ALOS3D DEMs using the positive (Op) and negative (On) openness calculated in SAGA GIS (Conrad
etal. 2015).

We classified substrate types using lithic-clast assemblages observed in the maar deposits, together with published
geological information on the underlying and surrounding lithologies. Four substrate classes were distinguished:

hard, mixed type-1 (hard > soft), mixed type-2 (soft < hard), and soft.

10
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3.2 Morphometric measurements

The CAVP maars with visible, complete or nearly complete ejecta rims were digitized using high-resolution UAV-
derived DEMs and orthomosaics, supplemented by the satellite and topographic datasets described above. Ellipses
were fitted to the ejecta rim using the “shape tools” plugin of QGIS (v. 3.6) to determine the major and minor axes,
eccentricity, aspect ratio, and elongation azimuths. The fitted ellipses were visually evaluated against the mapped
rims to avoid imposing inappropriate elliptical geometries on strongly irregular craters. Elongation azimuths were
displayed on length-weighted rose diagrams. For first-order volume estimates, each crater was assumed to be an
inverted truncated cone, with the rim and crater base diameters defining the larger and smaller radii, respectively.

Pre-existing topography was considered where it could be recognized from pre-maar deposits exposed along crater
walls or from the inclination of preserved rim surfaces. The measured parametessvincluded ejecta-rim diameter
(Der), crater-base diameter (Dy), crater depth (dc), inner crater-wall slope (Sw), perimeter (Pc), area (Acr), and
volume (crater, V.; ejecta, V). The ratio-based parameters, such as aspect ratio (AR), elongation (EL), and
isometric circularity (IC), were calculated following Graettinger (2018), who adopted these metrics from 2D
particle-shape nomenclature (Russ 2006). Ejecta volume was estimated using the empirical relationship (Ve =
1.24 x V.; Graettinger 2016; and references therein). Both cratersand ejecta-volume estimates should be regarded
as first-order approximations because erosion, burial, crateminfill, pre-existing topography, and emplacement of
later monogenetic edifices may bias the reconstructed egateggeometry.

Following the crater-morphology classificationof)Graettinger and Bearden (2021), which considers explosion
footprints and final crater planform, the studied maass were assigned to seven principal morphological types: circle,
ellipse, peanut, chain, triple, teardrops, and cohvoluted. We also used the terms “nested” and “complex” for crater
geometries that were not adequately represented by these end-member classes. “Nested” was used for maars
comprising superposed or closely overlapping crater depressions, whereas “complex” was used for craters
displaying combinations of multiple morphological elements and/or substantial modification by associated

monogenetic volcanic edifices.

3.3 Depositional terminology and granulometric analysis

The maar lithofacies terminology of Graettinger and Valentine (2017) was adapted to describe the CAVP maar
successions. Eight recurring lithofacies were distinguished: TBi.3, TBiens, AT12, ATy, and LT, which are related to
the broader categories of massive tuff breccia and lapilli tuff (TB), ash and lapilli tuff (AT), cross-bedded

stratification (ATx), and lapilli tuff (LT). The term “tuff” was used to conform to the nomenclature; however, it is

11



280

285

290

295

300

305

important to note that most maar deposits in the CAVP are unconsolidated. To describe the sedimentological
features of the lithofacies, several key studies were followed (Fisher and Waters 1970; Schmincke et al. 1973;
Wohletz and Sheridan 1979; Sohn and Chough 1989; Branney and Kokelaar 2002).

Representative samples from selected lithofacies were dried and dry-sieved from -4® to 4® at 1® intervals, where
® = -log2d and d is particle size in mm. Grain-size statistics, including mean, median, sorting, skewness, and
kurtosis, were calculated using the GRADISTAT MS Excel Macro (Blott and Pye 2001) (Supplementary Material
1). Further methodological details are provided in Uslular (2023). Componentry was determined for the >250 pm
(< 20) fraction of representative lithofacies samples. For each analyzed sample, 300 clasts were counted from two
independent subsamples of each representative layer under a binocular microscope. The duplicate counts were used
to enhance the representativeness of the componentry estimates and to reduce uncertainty in differentiating juvenile
from lithic clasts. Distinguishing juvenile from recycled or accidental lithic particle§Was more difficult in mafic
deposits containing both juvenile and pre-existing basaltic material. Therefofe, the componentry results are
intended to characterize the sampled lithofacies and to capture broad differences among maar successions, rather
than to provide quantitative reconstructions of entire tephra-ring stratigraphies. Potential uncertainties include the
limited number of sampled layers and recycling of compositionally similar volcanic clasts during successive

explosions.

3.4 Juvenile clast morphology, petrography and geochemistry

The juvenile material in the mafic-intermédiate @nd felsic maar deposits is represented predominantly by scoria
and pumice clasts, respectively. For scansing ¢lectron microscope (SEM) characterization, juvenile clasts from the
4-8 mm size fraction were selected,cléaneédswith acetone, and dried in a stove. The clasts were then mounted on
SEM stubs and coated with gold dust befere imaging at the research laboratories of Mugla Sitki Kogman University
(MSKU, Tiirkiye; JEOL JSM-7600F) and the University of Geneva (UNIGE, Switzerland; JEOL JSM-7001F).
The SEM observations were conducted at an accelerating voltage of 15kV and a working distance of ~ 8 mm.

For petrographic characterization, thin sections of juvenile and lithic clasts (n = 80) were prepared at MSKU and
UNIGE. Whole-rock major-element compositions were determined for juvenile clasts representing 12 maars
(excluding M3, M8, M12-14, M18) at ACME Analytical Laboratories Ltd. (Canada) by Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) after fusion. The loss on ignition (LOI) values were generally
less than 5%, and LOI-free major-element compositions were used for geochemical classification. The complete
major-element dataset is provided in Supplementary Material 2, and the corresponding geochemical classification
is shown in Supplementary Figure S2.
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4 RESULTS

We catalogued 18 Quaternary maars in the CAVP (M1-M18; Figures 3 and 4; Table 1), which display a wide range
of compositional, morphological, and depositional characteristics. Most are mafic in composition, while M1, M6,
and M17 have intermediate compositions and M2-M5 and M9 maars are felsic (Table 1; Supplementary Material
2; Supplementary Figure S2). The following sections describe their general characteristics in terms of edifice

morphology, lithofacies architecture, and juvenile-clast properties.

4.1 Edifice morphology

The CAVP maars display substantial morphological and morphometric variability (Figures 3, 4, and 5; Table 2).
Their crater forms range from simple circular and elliptical depressions to nested, chain-like, convoluted, teardrop-
shaped, and compound morphologies. The crater morphologies of M8 and Mil 2-M 14 are poorly preserved and
cannot be reliably delineated from the available topographic data. Therefoze, these maars were excluded from the
detailed morphometric comparison. Several maars retain well-defingd\¢ontinuous tephra rings with significant
inward-facing scarps (e.g., Cora, Narligol, Acigol-K). In contrastgethersdisplay severely eroded or partially buried
tephra-ring remnants (e.g., Obruk, Korudag). Ongoing anthropogenic erosion affects the tephra rings of several
maars, including Cora, Acigdl-N, and Mekeobrugu.

Several CAVP maars are closely associated with otheritypes of monogenetic volcanic edifices. Within the Acigol
Caldera, maars such as Kalecitepe, Acigdl-N, afdpKorudag are partly to almost completely overprinted by lava
domes (Figure 3). icik consists of coalescenticraters’modified by a scoria cone (Figure 3). In the southern CAVP,
Kutoren and Acigol-K are formed withingor above older tuff-ring/maar structures, while Mekegdlii and
Mekeobrugu are spatially associated withyscoria cones (Figure 4). Post-eruptive infilling is evidenced by lacustrine
sediment accumulation at the crateg base of several maars. Narligol hosts a perennial maar lake of 15 m depth with
geothermal springs; Acigol-K€ontains a saline lake; and Cora, Acigdl-N, and Obruk preserve playa lakes. Faults
and slope failures affecting crater walls are identified at several sites (Cora, Icik, Narhigol, Leskeri; Figures 3 and
4).

13



335 Table 1: General characteristics of the maars in the CAVP

Maar Group / o . or s J/L/IC
(code) field Composition | Age (ka) Substrate Juvenile clasts Lithic clasts (%)
. Scoria  (ash-bomb);
- b 9
Cora (M1) N/EVC aBIfggitI‘tZ ! (212 fjg Hard  cauliflower  bombs: Andesite; undiff. rocks ~ 38/60/2
B acc.lap.
) Pumice, perlite, Granite; andesite;
Inalli (M2) N/NAVC Rhyolite NA Mixed type-1 obsidian (ash- ophiolite; ignimbrite  59/32/9
bomb/block) pumice; undiff.
Kalecitepe . >23.2+9.7° .
(M3) N/NAVC Rhyolite (U-Th/He) Mixed type-1 NA NA NA
. . .. QGranite; andesite;
Acigdl-N . 20.3 £0.9¢ . Pumice, perlite, P
(M4) N/NAVC Rhyolite (U-Th/He) Mixed type-1 obsidian (ash-block) ophlpht.e, 1'gn1mbr1te 56/28/16
pumice; undiff.
. .. QGranite; andesite;
5 : 2249+2.1° .. Pumice, perlite, ST
Korudag (M5) N/NAVC Rhyolite (U-Th/He) Mixed type-1 obsidian (ash-lapilli) gﬁ?ﬁ?clét;e{mdli%glmbrlte 49/21/30
. : “WRhyolit;  andesite;
) d e : “Rhyolite;  andesite;
Icik (M6) N/NAVC Basaltic . 232 3°(K Mixed type-1 Scoria (ash-p6Mb); pumice; obsidian; 35/54/11
trachyandesite Ar) cauliflower bombs \undiff
Narligél (M7) C/DVC Basalt NA Mixed type-1 Scoria (ash-lapilli) aBl?eS?elzi; rocklsgnénmdlg‘?e; 26/58/16
Yiprakiepe ) ygyC  Basalt BAETE N ya NA N4
(MB) Ar) d \
Obruk (M9) C/EMF Rhyolite NA Soft Plimice (ash-lapilli) SL:dCI‘I‘Ijgt‘:ry rooks 57/33/10
Leskeri (M10) C/EMF Basalt NA Mixedyps®2 NA NA NA
Karafatma Mostly ash-size|; . . strine
C/EMF Basalt NA Mixedyitype-2 juvenile; rare scoria _ .. 22/51/27
M11) lapilli sedimentary rocks
P apilli
Cayankislast ¢ g g WA NA NA NA NA
(M12) \ G
Develiini
(M13) C/EMF NA A NAf NA NA NA NA
Iblizliini \
(M14) C/EMF NA p \ NA NA NA NA NA
D Tachylyte-bearing
Kutoéren 1300 £ 100F . Scoria  (ash-bomb); tuff; ignimbrite;
(M15) S/EMF  Bagflt (Ar-Ar) Mixed type-2 acc.lap. undiff.  sedimentary 18/44/38
= rocks
.. . . Mafic lava; tuff-ring
Acigbl-K S/KMF Basalt NA Mixed type-2 Scoria  (ash-bomb); deposits;  lacustrine  35/61/4
M16) acc.lap. sediments
Mekegolii Basaltic . Scoria  (ash-bomb); Mafic lava; lacustrine
M17) S /KMF andesite N4 Mixed type-2 acc.lap. sediments N4
Mekeobrugu Basaltic >390 +90f . . - . .
(M18) S / KMF andesite? (Ar-Ar) Mixed type-2 Scoria (ash-lapilli) Undiff. sediments NA

N, C, and S = northern, central, and southern groups; J/L/C = juvenile/lithic/crystal fractions in the 0.25-16 mm size range;
AL = accretionary lapilli; undiff. = undifferentiated; NA = data not available; Mixed types 1-2 are the substrate classes defined
in the manuscript; * Keller (1974); ® Gengalioglu-Kuscu (2011); ¢ Schmitt et al. (2011); ¢ Tiirkecan et al. (2004); ¢ Aydar et al.

(1995); "Reid et al. (2017).
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Figure 3: Representative examples of maar morphologies ifi®the northern and central sectors of the CAVP: [A] Cora
(M1) maar with a circular crater, a well-preserved tephra‘fing r) and pre-maar lava flows (If); [B] inalll maar (M2),
displaying an elliptical crater morphology; [C] Kalecitep r (M3), partly infilled by a central lava dome (LD); [D]
Acig6l-N maar (M4), comprising coalescent crat one of which is filled by a lava dome; [E] Korudag maar (M5),
with lava dome emplacement deforming the c ; [F] icik maar (M6), comprising coalescent craters affected
by a scoria cone (SC) interpreted as coeval nger than maar formation; [G] Narligél maar (M7), hosting a
crater lake and an active hydrotherrgal system; [H] Obruk maar (M9), excavated into lacustrine sediments. Google

Earth images are preferred as th
other geomorphological features
mainly illustrated on high-resolu

for consistent visualization across all maars, while maar rims and
&ineated using UAV-based models. Detailed geological maps of maars,
ades, are presented in Supplementary Figure S1. Superscripts a, b, and ¢
appended to the maar labelsfing felsic, intermediate, and mafic compositions, respectively. Green circles with
black centers mark outcrop é or stratigraphic sections. White lines indicate mapped faults or slope failures,
whereas circles containing dots and crosses mark the relatively elevated and collapsed sides, respectively.
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Figure 4: Representative maar morphologies fr entral-southern and southern sectors of the CAVP (Karapinar

i 10), where no suitable tephra-ring outcrop is exposed; [B]
its and seasonal settlements, with well-exposed tephra-ring (Mtr)
estern rim of Cayankislasi maar (M12), for which no suitable outcrop is
15), emplaced within an older tuff ring (TF); [D] Acig6l-K maar (M16),
d a crater lake bounded partly by older tuff ring deposits; [E] Mekeg6lii

Karafatma maar (M11), partly filled by pl
deposits and pre-maar lava flows (If).
available, is also visible; [C] Kut6re
with well-exposed tephra-ring deposi

maar (M17), showing tephra=ri eposits along the northern rim and pre-maar lava flows, with its crater
morphology deformed by a one (SC) and several satellite cones; gullies and man-made erosions are also
evident. The maar lake has d in recent decades, leaving a salt cover; [F] Mekeobrugu maar (M18) has a tilted

southeastern crater rim due to the emplacement of a scoria cone. No suitable proximal tephra-ring outcrops are
exposed here, except for pre-maar lava flows observed around the crater. Google Earth images were used as the
background for consistent visualization of all maars, whereas the boundaries of the maar rim and other features
were determined from UAV-based models. Detailed geological maps of maars, mainly illustrated on high-resolution
hillshades, are available in Supplementary Figure S1. Superscripts a, b, and c appended to the maar labels indicate
felsic, intermediate, and mafic compositions, respectively. Green circles with black centers mark outcrops used for
stratigraphic sections. White lines indicate mapped faults or slope failures, whereas circles containing dots and
crosses mark the relatively elevated and collapsed sides, respectively.
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Most CAVP maars have near-circular to slightly elliptical crater outlines, with aspect ratios (AR) ranging from
0.30 (icik) to 0.96 (Karafatma, Kutdren), and isoperimetric circularity (IC) values ranging between 0.63 and 1.00
(Table 2). Kutoren is the only maar with a perfect IC of 1.00, indicating a near-ideal circular form (Figure 4). In
contrast, Icik has the most elongated planform (AR = 0.30) and displays a chain-type crater morphology. Similarly,
Aci1g6l-N is also highly elongated (AR = 0.58; IC = 0.65) and has a complex chain structure with a multi-crater
footprint comprising five nested or coalescent sub-craters. Crater elongation azimuths show preferred orientations
spanning N25° to N159° (Figure 5; Table 2), with clustering in NE-SW to E-W directions across different sectors
of the CAVP.

Crater rim diameters (D) vary widely across the CAVP maars. Among morphometrically well-constrained maars,
D¢ values range from ~317 m (Yilanobrugu) to ~1970 m (Karafatma). Larger diameter estimates were obtained
for the felsic Obruk (2041+£646 m), Acigdl-N (2144+577 m), and Korudag (2747+£44% m) maars. However, their
convoluted or complex crater outlines, degraded tephra rings, and large {meaSurement uncertainties limit the
representativeness of single diameter estimates. Crater base diameters' (Dg)gconsistently represent a substantial
proportion of D, ranging from approximately 42% (Inalli, Dy/De %.0.42Y to 75% (Karafatma, Dp/De = 0.65).
Korudag is a notable exception with Dy/De ~ 0.72 due to4ts almost complete deformation via lava dome
emplacement. Crater depths (d) range from 20 = 5 m (Inakli, M2)%e, 105 + 41 m (Narligdl), with relatively large
values also recorded at Cora (91 £+ 13 m) and Acigdl-K (80 = 19 m; Figure 5A; Table 2). Inner crater-wall slopes
(S°) change from 4° & 1° (Karafatma, Obruk) to 32° + 4°(1lanobrugu), with most maars displaying slopes of 10-
23°. The lowest slopes (< 6°) are recorded agKarafatma, Obruk, and Kutoren, all of which are located above mixed
type-2 or soft substrate. The relatively ste€pést slopes (> 19°) occur at Yilanobrugu (32°), Narligdl (23°), Mekegolii
(20°), and Cora (19°). Rim asymmigtsytalsonvaries among the maars, with significant asymmetry at Narligol and a
comparatively uniform rim at In@lli. “Ehe largest depth-to-diameter ratios (de/Der x 107%) occur at Mekeobrugu
(~109), Yilanobrugu (~101)4Cora (~78), Narligdl (~70), and Acigdl-K (~48). Lower ratios are recorded in broader,
shallower craters such as Obruks(~24), Karafatma (~28), Kalecitepe (~30), and Inall1 (~32; Figure 5B).

Estimated crater volumes (V) range from 0.001 km? at Kutoren to 0.139 km?® at Narligol (Table 2). The four largest
crater volumes occur at Narligol (0.139 km?), Acigol-K (0.109 km?), Mekegdlii (0.061 km?), and Karafatma (0.058
km?®). Among the felsic maars for which volume estimates are available, Acigdl-N has the largest crater volume
(0.026 km?®), followed by Obruk (0.015 km?), Kalecitepe (0.006 km?), and Inall1 (0.002 km?). Ejecta volumes (Veic),
estimated as Vo x 1.24 (Graettinger, 2016), range from ~0.001 km® (Kutdren, Yilanobrugu) to ~0.172 km?
(Narligol). The largest estimated ejecta volumes correspond to Narligdl, Acigdl-K (0.135 km?), Mekegolii (0.075
km?), and Karafatma (0.072 km?).
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405 Table 2: The mean values of morphometric parameters for the CAVP maars

Maar (code) Crater Type * ELC» AR IC Footprint® D, (m)* Dy (m) der (m) S° ?1751;3)d Veje(km?)®
Cora (M1) Circle 125  0.88 0.88 ] 116717 632466  91+13  19+3 0.045 0.056
inalli (M2) Ellipse 113 070 0.82 2 621485 260452 2045 7+l 0.002 0.002
Kalecitepe (M3)  Nested 102 094 097 2% 938+£51 628420  28+15  10+£3  0.006 0.007
Acigdl-N (M4)  Chain, Complex 159  0.58 0.65 5% 21444577 4274218 38+14  11+4  0.026 0.032
Korudag (M5) Convoluted - - - na 2747445 1970100 29+1 - - -

icik (M6) Chain 4 030 0.63 3% 7574188 296+127 44417 11+6  0.010 0.012
Narhgdl (M7) frl(l)lgesg)(pamy 95 082 090 ! 14904150 975%15m 105+41 23%3 0.139  0.172
Obruk (M9) Eroded, >9 0.61 0.84 na 20414646 1416350 50425 441 0015 0018

Convoluted
Leskeri (M10)  Circle 74 0.90 0.76 1 1269468 75473 33+£18 1246 0.006 0.007
ﬁrlalf;“ma Circle 86 0.960.95 ! 197040 11854275 5513 4+1  0.058 0.072
Kutoren (M15)  Circle 77 0.96 1.00 2% 726:16  547t13  23x11  6:1  0.001 0.001
Acigdl-K (M16)  Nested 97 0.88 0.88 2% 1662+105 1146£131 80+£19 2246 0.109 0.135
xﬁ‘%‘gom Nested 26 0.870.90 g 1600£110 1220450 73431 2047 0.061 0.075
Eﬁi‘;‘gbmgu Teardrop 2 0.78 0.92 } 317439 181+29 715 32+4  0.002 0.002
5 *
?ﬁi‘g’bmgu Nested 7 0.89 5% 2 906+55  569+57  99+£30 1942 0.041 0.050

2 The crater morphologies are from Graettinger and Beatden (202t); Maars with aspect ratios greater than 0.90 are considered as circular

b The main elongation (EL) azimuth trends were, measured from the ellipses fitted to the maar crater rims

¢ The crater diameters denote the whole length ofithe ¢jecta rim. Errors represent a 16 standard deviation, calculated by averaging the long and short axes of each
410 measurement.

4 The volumes were measured from crater rim tQ,base on high-resolution UAV-based DEMs (except for Korudag, Obruk, and Leskeri maars)

¢ The ejecta volumes were calculated using the,formula of Vejc = Ver x 1.24 (Graettinger, 2016 and references therein)

* Maars include footprints of the adjacent monggenectic volcano

AR: aspect ratio; IC: isoperimetric circularity
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4.2 Lithofacies architecture

The tephra-ring successions of the CAVP maars display substantial variability in lithofacies and sedimentological
characteristics (Figures 6A-F, 7A-M, 8 A-N, and 9). Eight recurring lithofacies (TBi.3, TBiens, AT12, ATk, LT) were
distinguished from the available outcrops (Figure 6A-F). These lithofacies occur in varying proportions and
alternate vertically and, where exposed, laterally within the maar successions. Their general sedimentological and
textural characteristics are described below:

Massive Tuff Breccia (TBi): This facies corresponds broadly to the TBm facies of Graettinger and Valentine
(2017) and consists of thick, matrix- to clast-supported breccia beds that lack internal stratification (Figures 6A-B,
7F, and 8). TB; deposits are very poorly sorted and contain ash-to-lapilli-dominated matrices with abundant large
lithic blocks derived from local basement or country rocks. Juvenile clasts aregrare to subordinate. Clasts are
generally angular to subangular, randomly oriented, and enclosed within a chaetic, stfuctureless fabric. Beds are
typically decimeters to meters thick and locally occupy depressions or channel-like' geometries, as observed at Cora
(M1; Figures 6A, 7A-B, and 9). Impact sags and bomb-rich intervals ‘9€cur/locally, including at Narligdl (M7;
Figures 7H and 9).

Analyzed TB; samples from Cora, Inalli, Narligél, and Acigol-Kyhave median grain sizes ranging from -2.43 to
0.69¢ and sorting values of 1.49-2.70¢ (Supplementary Mategial 1). The grain-size distributions commonly exhibit
significant coarse tails, with D10 values ranging from®4.34, to -2.09¢. Fractions between -4 and -1¢ constitute a
substantial proportion of several samples, althotigh the relative abundance of coarse and fine material varies
considerably among the analyzed TB1 deposits.

Stratified Tuff Breccia (TB;): TBacomiprisé€s crudely to moderately stratified beds characterized by alternating
ash-rich and lapilli-to-block-rich_layersy(Figures 6B, 7D-G, 8B-C, and 9). Beds are typically centimeters to
decimeters thick, with undulating‘eontacts and moderate sorting. Internal structures include weak normal grading,
low-angle cross-stratification,ocgasional erosional scours, and locally deformed bedding. Some successions also
contain transported or embedded lithic clasts within finer-grained layers, together with soft-sediment deformation
structures and locally derived clast-rich fragments (e.g., inalli, M2; Figures 6B and 7D; Obruk, M9; Figure 7M).
Similar disruption of otherwise stratified successions occurs at Icik, Karafatma, Kutdren, and Aci1gdl-K maars
(Figures 7E, 7G, and 8B-C).

The analyzed TB; samples from Icik are among the coarsest samples in the dataset, with median grain sizes of -
4.06 to -2.38¢ and sorting values of 2.29-2.44¢ (Supplementary Material 1). The -4¢ fraction alone reaches 31.5-

53.3 wt.%, consistent with their strongly coarse-skewed grain-size distributions.
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Massive Tuff Breccia (TB3): TBs consists of poorly sorted, massive, juvenile-rich breccia beds dominated by
blocky pumice and obsidian clasts within an ash-to-lapilli-dominated matrix (Figures 6B, 7D-F and 9). Lithic
fragments are sparse, and internal bedding or sedimentary structures are absent. These deposits are typically thick
and laterally continuous and commonly occur in the upper parts of the exposed felsic maar successions (Inalli,
Acigol-N, and Korudag; Figures 6B, 7D-F and 9).

The analyzed TB; sample from Acigdl-N has a median grain size of -1.07¢, a mean of -0.85¢, and a sorting value
of 1.67¢ (Supplementary Material 1). The dominant grain-size classes are -2, -1, and 0@, which together account
for most of the deposit and support the field description of TB3 as coarse lapilli- to block-bearing, juvenile-rich
facies.

Lithic-rich Lenses (TBiens): Lithic-rich lenses occur as lensoidal, clast-rich accumulations typically intercalated
within finer-grained AT deposits (Figures 6C, 7E-F, 71, and 9). These deposits are,poonly sorted, commonly clast-
supported, and confined to topographic lows or channel-like depressions. Theysiave sharp basal contacts, diffuse
upper contacts, and limited lateral continuity and generally lack interfialgrading or lamination. Representative
examples are from Cora, Acig6l-N, and Narligdl maars (Figures 6C, %A, 7E and 71).

Ash and Lapilli Tuff (AT;): AT, corresponds broadly to the AT facies of Graettinger and Valentine (2017) and
consists of thinly bedded to finely laminated successions,deminated,by coarse to fine ash with minor fine lapilli
(Figures 6D, 7A-C, TH-1, 7M, and 9). Beds are planar,dategally ¢continuous, and typically millimeter- to centimeter-
thick. Lithic fragments are rare or absent. Accretionary lapilli occur in some successions (Cora and Acigdl-K maars;
Figures 6D, 7C and 8H), while occasionalmpact’sags locally deform lamination (e.g., Cora and icik maars). The
deposits lack tractional features and are gharacterized instead by fine, parallel stratification.

Analyzed AT; samples from CoraplcikyNaskigol, and Acigdl-K have median grain sizes ranging from -1.34 to 1.71
¢ and sorting values of 1.76-246¢ (Supplementary Material 1). The 0-2¢ fractions are commonly dominant,
although some samples contdin/significant coarse tails.

Ash and Lapilli Tuff (AT,): ‘Ad; is defined by planar-bedded, finely stratified deposits characterized by repeated
normal grading (Figures 6E, 7D-G, 8L, and 9). Individual beds commonly show basal coarse ash to fine lapilli that
grade upward into finer ash and are separated by sharp contacts. Beds range in thickness from centimeters to
decimeters and commonly exhibit good lateral continuity. Ripple, dune, and cross-stratified bedforms are absent.
Representative successions are found in the Inalli, Acigdl-N, Icik, and Korudag maars (Figures 6E and 7).

The analyzed AT, samples have median grain sizes of -0.17 to 0.95¢ and sorting values of 1.22 to 2.38¢
(Supplementary Material 1). The 0-2¢ fractions are generally dominant, although some samples contain a

substantial coarse lapilli component.
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Ash and Lapilli Tuff (ATy): AT consists of laminated and stratified deposits displaying abundant tractional
structures, including ripple marks, climbing ripples, cross-bedding, dune forms, and low-angle stratification
(Figures 6F, 7K-M, 8A-G, and 9). Alternating ash- and lapilli-rich beds from rhythmic successions are rich in
sedimentary structures. Cross-stratified and dune-bearing beds are well exposed in Obruk, Kutoren, and Acigél-K
maars, while ripple-marked layers dominate in Karafatma maar (Figures 6F, 7K-M and 8A-G).

ATy is the finest and best-sorted lithofacies among the analyzed samples. Samples from Obruk and Karafatma have
median grain sizes of 0.65-2.49¢, mean grain sizes of 0.48-2.35¢, and sorting values of 0.64-1.51¢ (Supplementary
Material 1). Fractions between 2 and 3¢ dominate many samples, with the 2¢ fraction often forming the modal
class.

Lapilli Tuff (LT): comprises well-sorted, lapilli-supported deposits rich in juvenile clasts, with only minor ash
matrix and few lithics (Figures 6D, 7L, 8C, 8L-N, and 9). Beds are structureless(togWeakly stratified and laterally
continuous over tens of meters, typically decimeters thick. LT units are fréquefitly intercalated with AT facies,
particularly ATy and AT», as documented in Obruk, Kutoren, and Mekégolti smaars (Figures 6D, 7L, 8C, and 8L-
N).

4.2.1 Other interbedded and associated deposits

In addition to the eight maar lithofacies described ab@vejpseveral successions contain volcaniclastic sedimentary
interbeds and deposits associated with adjacent monogenetic volcanic edifices. These units are distinguished from
the primary maar lithofacies on the basis ‘of theif sédimentological characteristics, stratigraphic position, and/or
spatial relationship to the logged maar su€cessions, and are described separately below:

Volcaniclastic sedimentary deposits, (v=s€d.): These deposits occur locally interbedded with the maar
successions, particularly at Obruk, Karafatma, and Mekegdlii maars (Figures 7M, 8A-B and 8K-M). They include
massive, poorly sorted volcaniclastie deposits, some of which display lahar-like characteristics. At Mekegolii, a
distinctive, massive, and poorlysSorted volcaniclastic unit separates the lower and upper maar deposits. It consists
of a pinkish, ash-sized matrix containing lapilli-sized lithic clasts and locally scoria bombs (Figure 8K-L).
Scoria-rich deposits (sr): Scoria-rich units occur locally through the upper sections of the maar successions at
Karafatma, Narligdl, and Icik (Figures 7G and 8A). At Karafatma and Narligdl, these comprise well-sorted, clast-
supported beds of angular to subangular scoria lapilli. At Icik, matrix-supported scoria-bearing units contain partly
deformed scoria lapilli and bombs up to ~50 cm in diameter (Figure 7G) and locally display wavy to erosive
contacts and soft-sediment deformation. These deposits are distinguished based on their abundance of coarse
scoriaceous material, and their assignment to individual source vents is not attempted in this study.
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External tuff-ring deposits (tf): Lithologically distinct tuff and hyaloclastite deposits occur locally beneath the
maar successions at Kutdren and Acigdl-K (Figure 8E and 8I-J). These deposits are exposed along the lower parts
of the crater walls and are separated from the overlying maar deposits by unconformable contacts. At Kutdren,
grey, tachylyte-bearing tuffs containing lithics crop out in the northwestern part of the crater (Figure 8E). At Acigol-
K, palagonitized hyaloclastites intercalated with thin beige lacustrine tufa layers are exposed along the lower maar-
lake rim, whereas beige to brown tachylyte-bearing tuffs occur on the lower part of the northern crater wall (Figure

81-)).
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Figure 6: Representative close-up field photographs of the eight lithofacies identified in the CAVP maar tephra-ring
successions. [A] Massive tuff breccia (TB1) at Cora Maar (M1); [B] Stratified tuff breccia (TB2) overlain by juvenile-
rich massive tuff breccia (TBs) at inalli Maar (M2); [C] Lithic-rich lens (TBiens) intercalated within finer-grained ash
and lapilli tuff (AT:1) deposits at Cora Maar; [D] Lapilli tuff (LT) intercalated AT; deposits at Acig6l-K maar (M16); [E]
Stratified and graded ash and lapilli tuff (AT,) at Acigdl-N maar (M4); and [F] Cross-stratified ash and lapilli tuff (ATy),
locally separated by a volcaniclastic sedimentary interbed (v-sed.), at Karafatma maar (M11). Yellow dashed lines
mark selected lithofacies boundaries. Hammer, ruler, scale card, and scale bar provide scale.

24



530

535

Figure 7: Field photographs of maar outcrops from the northern to central parts of the CAVP (M1, M2, M5, M6, M7,
and M9), showing stratigraphic successions and lithofacies variability. Outcrops display alternations of massive and
stratified tuff breccias (TB:-3), ash and lapilli tuffs (AT, ATx), laminated tuffs (LT), and lithic-rich lenses (TBjens).
Channel-fill structures (M1, M2), cross-stratification (M5, M9), lithic-rich intercalations (M7), and sedimentary
features such as scour surfaces and stratified bedding highlight the complex depositional processes active during
maar-forming eruptions. v-sed: volcaniclastic sedimentary deposits; sr: scoria-rich deposits. Superscripts a, b, and c
appended to the maar labels indicate felsic, intermediate, and mafic compositions, respectively.
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display alternations of massiv tratified tuff breccias (TB1-2), ash and lapilli tuffs (AT:—,, AT), laminated tuffs (LT),
scoria-rich deposits (sr), and volcaniclastic sedimentary interbeds (v-sed.). Features such as ripple marks, cross-
stratification, accretionary lapilli (acc.lap.), and lahar-like units are locally present, reflecting highly variable eruptive
and depositional dynamics within maar successions. Superscripts a, b, and c appended to the maar labels indicate
felsic, intermediate, and mafic compositions, respectively.
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4.3 Clast type and componentry

Juvenile and lithic clasts within the CAVP maars display a wide compositional and textural range, from fine ash
and lapilli to bombs and blocks up to 50-100 cm in diameter. Mafic-intermediate maar deposits include
predominantly scoriaceous juvenile clasts, commonly as lapilli and bombs, whereas felsic maars contain pumice,
perlite, and obsidian clasts with variable vesicularity and grain size. Accretionary lapilli are restricted to mafic-
intermediate maars, including Cora, Narligol, Kutoren, Acigol-K, and Mekegolii.

Lithic assemblages vary systematically across the CAVP in accordance with the substrate classes defined in this
study (hard, mixed type-1, mixed type-2, and soft substrates; Table 1). The northern maars, such as Acig6l-N and
Icik, contain abundant crystalline and volcanic lithics, including granite, ophiolite, andesite, and ignimbrite-derived
clasts, and are classified as hard-to-mixed type-1 substrates (Table 1). In contrast, central and southern maars
include abundant lithics derived from lacustrine deposits, hydrothermally altered_pyroclastic rocks, reworked
volcano-sedimentary material, and lava blocks exposed around the maargseraters,/indicating mixed type-2 to soft
substrates. In some cases, the lithic assemblages also include materiapfrein older monogenetic volcanic units. At
Kutdren, these include tachylyte-bearing tuff, whereas Acigol-Kseontains fragments of older mafic lava and tuft-
ring deposits (Figure 8).

Componentry analyses further show clear differences between the felsic and mafic-intermediate maar deposits
(Figure 10). The analyzed felsic maars, including inally, A¢1g61-N, Korudag, and Obruk, are juvenile-rich, with
juvenile contents ranging from 49 to 59%, lithi€"eentents from 21 to 33%, and crystal contents from 9 to 30%
(Table 1). In contrast, the analyzed mafic-intésmediate maars are consistently lithic-dominated, with lithic contents
ranging from 44 to 60%, juvenile contents from 18 to 35%, and crystal contents from 2 to 38%. Aci1g6l-K and Cora
show particularly higher lithic propertions (61 and 60%, respectively), followed by Narligdl (58%), icik (54%),
Karafatma (51%), and Kutdren (44%; Table 1).
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(pumice or scoria) compositions.

4.4 Juvenile petrography and micromorpholog‘y Q

Juvenile clasts from the CAVP maars display a of petrographic and micromorphological characteristics. They
can be broadly grouped into mafic-intermedi felsic types, which differ in vesicularity, mineralogy, and
textural characteristics. * Q

Mafic-intermediate juveniles fro (NCI , Narligdl, Leskeri, Karafatma, Kutéren, Acig6l-K, and Mekegolii
maars are predominantly scoriaceous, corresponding to basaltic to trachyandesitic whole-rock compositions.
Petrographic observations esicular fragments with olivine (Ol), plagioclase (Pl), and pyroxene (Px)
phenocrysts, often subhedral to euhedral and locally skeletal or embayed (Figure 11A-D). The groundmass ranges
from glassy to microcrystalline. Acig6l-K and Mekegolii scoria also locally contain xenocrysts (Xc; e.g., quartz)
and mafic microgranular enclaves (mme) (Figure 11D), which are also documented in basaltic rocks of the KMF
(Gengoglu Korkmaz et al. 2021).

SEM images show rugged and spongy scoria textures with relatively thick vesicle walls, irregular to interconnected
vesicle networks, and locally fractured surfaces and broken vesicle walls (Figure 11E-H). Vesicles vary in shape

from rounded to irregular and are often coalescent, with porous and fractured morphologies.
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Felsic juveniles from Inalli, Acigdl-N, Korudag, and Obruk maars are dominated by highly vesicular, glass-rich
pumice and perlite clasts, typical of rhyolitic composition. Petrographic observations show aphyric textures with
sparse microlites (~5%). Vesicles range from rounded to elongated and are locally coalesced, with some forming
tube-like shapes (Figure 12A-D). Alignment of microlites and elongated vesicles is particularly evident in Inall
and Acigol-N pumices, and fine spherulites occur locally within the glassy groundmass. Vesicles commonly
constitute > 50% of the observed clast area.

SEM images highlight a fragile, fibrous pumiceous texture with thin, elongated vesicle walls and a sponge-like,
brittle framework (Figure 12E-H). The vesicle walls are commonly collapsed or folded, producing laminar surfaces.
The pumice clasts from Inalli, Korudag, and Obruk pumices (Figure 12E-H) display sheet-like arrangements of

elongated vesicles, locally associated with coalesced vesicles and thin to collapsed vesicle walls (Figure 12E-H).
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Figure 11: Representative petrographic [A-D] and SEM [E-H] images of mafic-intermediate juvenile scoria from CAVP
maars. [A] Cora (M1) maar scoria displays vesicular groundmass with subhedral olivine (Ol) and plagioclase (PI)
phenocrysts; [B] icik (M6) maar scoria includes Ol and Pl phenocrysts, including skeletal forms, within a vesicular
glassy groundmass; [C] Narligdl (M7) maar scoria consists of abundant euhedral to skeletal Ol and Pl phenocrysts in
a vesicular matrix; [D] Juvenile scoria from Mekegélii (M17) maar with Ol, PI, xenocryst (Xc), and a mafic
microgranular enclave (mme); [E-H] SEM images of the same samples (M1, M6, M7, and M17) showing rugged,
spongy morphologies, relatively thick vesicle walls, irregular to interconnected vesicles, and locally fractured
surfaces and broken vesicle walls.
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Figure 12: Representative petrographic [A-D] and SEM [E-H] images of felsic juvenile pumice and perlite from CAVP
maars. [A] Highly vesicular pumice from inalli (M2) maar with elongated vesicles and spherulites (Sp), displaying
flow alignment; [B] Glass-rich pumice from Acig6l-N (M4) maar with abundant spherical to elongate vesicles (v),
reflecting strong volatile exsolution; [C] Vesicle-rich glassy pumice from Korudag (M5) maar with interconnected and
coalescent vesicles; [D] Pumice clast from Obruk (M9) maar with abundant rounded to irregular vesicles; [E-H] SEM
images of the same samples (M2, M5, and M9) showing highly vesicular, locally fibrous textures characterized by
thin to collapsed vesicle walls, and sheet-like arrangements of elongated vesicles.
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5 DISCUSSION

5.1 Depositional processes and lithofacies significance in the CAVP maar successions

The lithofacies architecture of the CAVP maars records multiple depositional processes that may produce partly
overlapping sedimentological expressions; individual facies are therefore not uniquely linked to single
emplacement mechanisms. Current maar models emphasize that tephra rings selectively preserve explosions that
generate material reaching the surface and may contain deposits from ballistic ejecta and curtains, debris jets,
concentrated and dilute PDCs, ash-cloud fallout, short-lived jet/column fallout and syn-eruptive recycling (Fisher
and Waters 1970; Lorenz 1973; White 1991; Lorenz 2003; White and Ross 2011; Valentine and White 2012;
Kurszlaukis and Fulop 2013; Lefebvre et al. 2013; Graettinger and Valentine 204%; Valentine et al. 2017). The
CAVP successions fit this framework, with vertical and lateral alternations ofsTB, AT, and LT facies recording
repeated changes in excavation, sediment supply, PDC transport, fallout, and,local zémobilization during successive
eruptive and depositional episodes (Graettinger et al. 2015; Németh andKereszturi 2015; Valentine et al. 2015a;
Graettinger and Valentine 2017).

TBi is one of the coarsest and least well-sorted proximal lithofacies. Its massive, chaotic, matrix- to clast-supported
fabric indicates rapid accumulation from ballistic curtains/fallout, debris jet collapse, and/or concentrated PDCs
close to the vent (Sohn and Chough 1989; White 1991;Braaney and Kokelaar 2002; Lorenz 2003; Graettinger and
Valentine 2017; Valentine et al. 2017). The abuidance of coarse lithics and blocks in many TB; deposits records
substantial excavation of country rock and proXimal accumulation. Comparable coarse, lithic-rich deposits have
been described in maar tephra rings wheregnear-vent ballistic processes and concentrated PDCs contributed
substantially to proximal depositionsincluding the Ukinrek Maars, Alaska (Self et al. 1980; Sheridan and Wohletz
1983; Ort et al. 2018), and other ‘basaltic maar systems (Valentine et al. 2015b; Graettinger and Valentine 2017).
In the CAVP, lithic-rich TBf{ i mafic-intermediate successions most clearly records substantial substrate
excavation, whereas lithic-rich deposits in felsic successions may additionally contain material recycled from
earlier crater-fill or tephra-ring deposits (e.g., Uslular et al. 2022). TB; is therefore informative about excavation
and proximal deposition but should not be regarded as a direct proxy for explosion energy.

TB, records a more distinctly stratified depositional regime than TB,. The development of crude stratification,
erosional contacts, low-angle cross-stratification, weak grading, and locally incorporated substrate-derived material
indicates emplacement by unsteady, sediment-laden PDCs capable of alternating between erosion, tractional

transport, and deposition (Cas and Wright 1987; Valentine 1987; Druitt 1998; Branney and Kokelaar 2002). In
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particular, the thick TB; layers at icik (M6; Figures 6 and 7G), consisting of alternating ash-rich and lapilli- to
block-rich beds, undulating contacts, and local scours, record repeated fluctuations in sediment concentration,
transport competence, and sediment supply. Rip-up clasts and soft-sediment deformation at Obruk (M9; Figures
7K-M and 9) further indicate interaction with weakly consolidated substrate or previously deposited tephra ring,
locally under water-rich or syn-eruptively destabilized conditions (Sheridan and Wohletz 1983; Németh et al.
2001). Similar stratified layers are widely reported from maar and tuff-ring successions, including the Suwolbong
Tuff Ring, Korea (Sohn and Chough 1989), and the Alchichica maar, Mexico (Carrasco-Nuiez et al. 2007). In the
CAVP, TB; therefore marks phases in which laterally moving currents were sufficiently energetic to transport
coarse material but also organized to generate stratification.

TB; is best interpreted as a juvenile-rich, massive breccia facies restricted to the felsic maars in the NAVC (Figures
2B and 9). Its dominance by pumice, perlite, and obsidian clasts, together with th€“higher juvenile proportions
recorded by componentry analysis, indicates deposition dominated by rhyoliticgu¥enile material. Petrographic and
SEM observations further show highly vesicular, glass-rich clasts withfelengated, locally coalesced vesicles and
thin, locally collapsed vesicle walls (Figure 12). These textures indicate substantial vesiculation and deformation
before fragmentation, but are not, by themselves, indicativélof aj)particular fragmentation mechanism. The
stratigraphic position of TB3 in the upper parts of the exposed felsic Successions, together with the close association
of several NAVC maars with lava domes, support a shift fsom Substrate-rich phreatomagmatic excavation towards
more juvenile-dominated jet collapse, ballistic_curtainsy and concentrated PDCs, possibly during dome/plug
disruption or late-stage shallow degassing (€arras€o-INuiiez et al. 2007; White and Ross 2011; Valentine and White
2012; Ross et al. 2017; Uslular et al. 2022).

TBiens represents localized accumulations®efsCoarse lithic material within finer-grained deposits. Its lens-shaped
geometry, sharp basal contacts, limitedylateral continuity, and occurrence in channel-like depressions indicate that
deposition was strongly controlled by crater-rim relief, local topographic lows, and channelized current pathways
(White 1991; White and Houghtéon 2000; Graettinger and Valentine 2017; Valentine et al. 2017). At Cora, Acigol-
N, and Narlig6l (Figures 7 and 9), TBiens occurs within AT-dominated successions and may record temporary
concentration of coarse lithics within laterally moving currents, local crater-rim collapse, or short-distance
remobilization of previously deposited material (Druitt 1998; Németh and Kereszturi 2015). The available field
relationships do not allow these processes to be distinguished uniquely.

AT, is an ash-rich, suspension-dominated facies deposited from waning dilute surges, ash clouds associated with
PDCs, and short-lived fallout pulses (Fisher and Schmincke 1984; Cas and Wright 1987; Sohn and Chough 1989;

Druitt 1998; Branney and Kokelaar 2002). Its planar fine stratification, ash-rich character, and lack of tractional
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bedforms indicate predominantly suspension-controlled deposition (Valentine 1987; Sohn and Chough 1989).
Accretionary lapilli at Cora, Narligol, Kutoéren, Acigdl-K, and Mekegdlii provide independent evidence for
aggregation of fine ash within moisture-bearing eruption clouds. Because their size, internal structure, and
morphology were not systematically quantified, they are not used here to infer more specific eruption conditions.
Their absence from other deposits should likewise not be interpreted simply in terms of water-magma ratio, because
ash aggregation also depends on temperature, ash concentration, residence time, and humidity (Schumacher and
Schmincke 1991; Brown et al. 2012).

AT, records more regularly pulsed suspension settling than AT,. Planar bedding, repeated normal grading, sharp
contacts, excellent lateral continuity, and the absence of tractional bedforms indicate fallout from short-lived
explosion-fed clouds, ash-cloud fallout associated with PDCs, and/or suspension sedimentation from waning dilute
PDCs (Lorenz 1973; Sohn and Chough 1989; Druitt 1998; Branney and Kokelaart20023 White and Ross 2011). Its
intercalation with TB and LT units records repeated changes in depositional tegiffie during maar-forming activity.
The available sedimentological evidence does not allow a unique distinction’between direct fallout and suspension
settling from dilute PDCs, although the observed bedforms do not support sustained traction-dominated deposition.
ATy provides the clearest evidence for laterally moving dilute®BDCs)or base surges in the CAVP maars. Ripple
marks, climbing ripples, cross-bedding, dune forms, andslow-angle, stratification record traction, saltation, and
suspension fallout within dilute, turbulent PDCs (Fisher ‘and Waters 1970; Wohletz and Sheridan 1979; Sohn and
Chough 1989). AT, is the finest and best well-sorted lithofacies in the analyzed dataset. Cross-stratified and dune-
bearing beds occur at Obruk, Kutoren, anld, ACig6lK (Figures 7K-M, 8C-D and 8F-G), whereas ripple-marked
layers are particularly prominent at Karafdtma (Eigures 8A). The rhythmic alternations of ash- and lapilli-rich beds
likely reflect fluctuations in sediment transpert and deposition within these currents (Wohletz and Sheridan 1979;
Druitt 1998; Valentine et al. 201). Lapilli-rich beds are consistent with intervals of greater flow competence and
sediment concentration, duringwhieh coarser particles were transported predominantly by traction and saltation,
whereas ash-rich beds indicatesncreased deposition from suspension as the current became more dilute or waned
(Sohn and Chough, 1989; Chough and Sohn, 1990; Druitt, 1998). The transition from planar lamination to ripple-
and dune-bearing beds therefore records temporal and/or spatial variations in flow regime. Accretionary lapilli at
Kutéren and Acigdl-K and soft-sediment deformation observed within some of the maar successions, including
Obruk, provide independent evidence that moisture-rich depositional conditions occurred during parts of these
eruptions. However, these features do not define a systematic wet-to-dry surge evolution within the ATy facies, and

we therefore avoid interpreting these beds in terms of a specific wet-to-dry surge evolution.
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LT records relatively coarse, juvenile-rich deposition during fallout-dominated or mixed fallout-PDC intervals. Its
lapilli-supported texture, relatively good sorting, minor ash matrix, limited lithic content, and intercalation with
ATy and AT, indicate direct fallout from short-lived explosion jets, coarse fallout from PDC-associated ash clouds,
or short-lived coarse PDC pulses (Sheridan and Wohletz 1983; Fisher and Schmincke 1984; Lorenz 1986; Cas and
Wright 1987; Druitt 1998; Branney and Kokelaar 2002; White and Ross 2011). In the CAVP, LT is laterally
continuous over tens of meters at Obruk, Kutéren, and Mekegolii. Pumice-rich LT in felsic successions reflects
coarse rhyolitic juvenile dispersal, whereas scoria-bearing LT associated with mafic-intermediate successions and
nearby scoria cones may record a stronger magmatic/Strombolian component, locally accompanied by
phreatomagmatic pulses. LT is therefore composition-sensitive and should be interpreted together with juvenile
textures and stratigraphic context.

In addition to the principal maar lithofacies, volcaniclastic sedimentary interbédss@nd deposits associated with
adjacent monogenetic edifices provide further constraints on the stratigraphie®®yolution of some CAVP maar
successions. Volcaniclastic sedimentary layers interbedded with primaryimaardeposits, particularly in the southern
CAVP, indicate reworking episodes between eruptive phases. This relationship is especially evident at Mekeg6lii
maar, where a massive, poorly sorted unit with a pinkish ash-richimatrix, juvenile and lithic lapilli, and local scoria
bombs separates lower and upper maar deposits (Figure 8K.-1). These characteristics are consistent with a lahar-
like, sediment-laden flow that remobilized unconsolidatedyolcanic material, and its stratigraphic position suggests
an episode of sediment redistribution between successivephases of maar-forming activity (Lorenz, 2007).
Discrete scoria-rich beds also occur withifythe sficdessions of Karafatma, Narligdl, and icik. Their well-sorted,
commonly clast-supported character 457 comsistent with fallout deposition. However, sedimentological
characteristics alone do not allowitheSe, beds‘to be correlated with a specific neighboring scoria cone. At icik, a
close spatial and stratigraphic relationship exists between the maar and the adjacent Obruk scoria cone, which has
previously been mapped and investigated (Tiirkecan et al. 2004; Aydar et al. 2011; Uslular et al. 2022). On the
other hand, the tuff and hyaleClastite deposits associated with Kutéren and Acigdl-K represent a different
relationship. These deposits occur beneath the maar successions and along the lower crater walls and are
unconformably overlain by the maar deposits. Therefore, they are treated as older external tuff-ring units (Keller

1974).
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5.2 Lithofacies variability within a scaled-depth framework

The optimal scaled depth (OSD) concept provides a useful qualitative framework for considering how explosion
depth relative to released energy affects crater excavation and the production of surface ejecta (Goto et al. 2001).
Experimental studies show that explosion depth and energy, together with substrate properties, crater geometry,
and pre-existing relief, can influence crater excavation and growth, ballistic ejection, and PDC generation, or result
in explosions whose effects remain largely confined to the subsurface (Graettinger et al. 2014; Valentine et al.
2014; Graettinger et al. 2015; Valentine et al. 2015a; Macorps et al. 2016; Sweeney et al. 2018). However, natural
tephra-ring deposits do not independently constrain explosion depth or released energy, and individual facies
therefore cannot be assigned to specific scaled-depth conditions.

Within this qualitative framework, coarse, lithic-rich TB; and parts of TB, are comsistent with eruptive episodes
involving substantial country rock excavation and abundant proximal ejecta preduction. In contrast, AT, and AT
primarily record suspension- and fallout-dominated deposition, whereas L represents relatively coarse fallout or
mixed fallout-PDC deposition. These depositional characteristics gdoyhot! necessarily imply less substantial
excavation, as they may also reflect variations in sediment congentration, water availability, eruption column or
PDC behavior, and the position of individual explosions within the gvolving maar systems. ATy records laterally
moving dilute PDCs that persisted sufficiently to generate tractional bedforms. We therefore use the scaled-depth
concept only as a qualitative context for interpreting variability in country rock excavation and surface-depositional

behavior.

5.3 Other potential factors controlling the'maar volcanism in the CAVP

The regional CAVP dataset indicatesithatimaar architecture results from the combined effect of substrate properties,
hydrogeological conditions, magma composition, vent evolution, and post-eruptive modification. The relative
importance of these controls yaries among individual maars. The occurrence of mafic, intermediate, and felsic
maars within hard, mixed, and soft substrates in the same volcanic province provides an opportunity to compare
these factors within a common regional setting.

Substrate type is most clearly recorded by the lithic assemblages and also appears to affect aspects of crater
morphology and depositional architecture. Northern maars developed in hard to mixed type-1 substrates contain
crystalline and volcanic lithics such as granite, ophiolite, and andesite, whereas central and southern maars in mixed
type-2 to soft substrates include abundant lacustrine sedimentary, volcanosedimentary, hydrothermally altered tuff,

and reworked volcanic material. These assemblages show that explosive excavation occurred through substrates
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with different mechanical and hydrogeological properties. The morphometric data partly support a substrate
influence, with the lowest inner crater-wall slopes (< 6°) occurring at maars with mixed type-2 or soft substrates
(e.g., Karafatma, Obruk, and Kutdren). However, relatively steep crater walls also occur in some mixed type-2
systems, such as Mekegolii (~20 °©), indicating that substrate strength is not the only control on crater geometry.
Crater preservation is likewise affected by erosion, infilling, slope failure, and the emplacement of younger volcanic
edifices, and therefore cannot be attributed solely to substrate type.

Componentry does not define a substrate-dependent pattern that is equally simple. For example, the soft-substrate
rhyolitic Obruk maar remains juvenile-rich (~57% juvenile, 33% lithic; Figure 10), whereas the mixed type-2
basaltic Acig6l-K maar is strongly lithic-rich (~61% lithic). This relationship indicates that relative juvenile and
lithic proportions are affected by magma composition and eruptive processes in addition to substrate excavation.
Similarly, the juvenile textures also described in this study show a stronger assogiation with magma composition
than the substrate class. Nevertheless, soft-sedimentary deformation, lacustting®@nd volcano-sedimentary lithics,
and volcaniclastic interbeds provide independent field evidence for the inwolvement of weak, locally water-rich
substrates in several central and southern maars. These characteristies are¢ broadly compatible with experimental
and field observations showing that weak, water-bearing sediment can modify magma-water interaction, although
direct microtextural evidence for an “impure coolant” meghanism has not been demonstrated in the CAVP maars
(Lorenz 2003; Auer et al. 2007; Macorps et al. 2016; Jubestie et al. 2026).

Hydrogeological control in the CAVP extended beyond pore water in weak or unconsolidated substrates. Narligol
provides a contrasting example in which ffacturesCofitrolled permeability appears to have been important. Gevrek
and Kazanc1 (2000) interpreted the maargs’having formed along a local fault zone, with magma ascending along
the fault and interacting with metdegiCtwatesWithin the fractured zone during the phreatomagmatic eruption. The
maar presently hosts geothermal'springs and an active hydrothermal system, and more recent bathymetric and
hydrogeochemical observationsishow that faults beneath Narligdl, particularly fault-intersection zones, act as high-
permeability pathways for deepfgeothermal fluids and gas discharge (Brehme et al. 2021). These observations
suggest that fracture-controlled groundwater circulation may have affected both vent localization and the
availability of external water during maar formation. However, the present hydrothermal circulation cannot be
assumed to represent the same fluid reservoir or flow configuration that existed during the Pleistocene eruption
(Gevrek and Kazanci, 2000).

Magma composition is associated with systematic differences in componentry and juvenile texture. The analyzed
felsic maars are generally juvenile-rich; for example, juvenile clasts comprise 59% at Inalli and 57% at Obruk

(Figure 10). In contrast, several mafic-intermediate maars are lithic-rich (Figure 10). Petrographic and SEM
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observations further distinguish highly vesicular, glass-rich felsic juveniles with elongated to sheet-like vesicle
arrangements and thin, locally collapsed vesicle walls from rugged, spongy mafic-intermediate scoria with thicker
vesicle walls and irregular to interconnected vesicle networks (Figures 11 and 12). In felsic magmas, relatively
high melt viscosity can inhibit rapid relaxation of deformed bubbles, allowing elongated vesicles, coalesced
structures, and localized strain fabrics to be preserved before fragmentation (Polacci et al. 2003; Wright and
Weinberg 2009). Although these textures are not directly characteristic of magma-water interaction, their
occurrence within independently identified phreatomagmatic successions suggests that external water may have
contributed to the final fragmentation of already vesiculated and deformed felsic magma (Austin-Erickson et al.
2008). The mafic-intermediate textures similarly have differences in bubble growth, coalescence, and magma
rheology, but fractured surfaces alone cannot identify a specific fragmentation mechanism (White and Ross 2011;
Ross et al. 2017; Gurusinga et al. 2023; Planaguma et al. 2023). Thus, the(CAMP data show that broadly
phreatomagmatic maar-forming activity occurred across contrasting magma_eofpositions, producing distinctly
different componentry and juvenile textures.

The close association of several maars with lava domes, scoria cones, older tuff rings, and crater lakes/playas
further provides a record of changes in eruptive style and vént position. In the NAVC, the relationships are
particularly clear at Kalecitepe, where a lava dome partly @ecupies the maar crater; at Acigdl-N, where one of the
coalescent craters is filled by a lava dome; and at Korudag, where dome emplacement overprints and deforms part
of the maar crater (Figure 3). Where their relative chronelogy is sufficiently constrained, these relationships are
consistent with a transition from phreatomlagmatic drater excavation to juvenile-dominated explosive or effusive
rhyolitic activity (Uslular et al. 2022). Maff¢’'maar systems show different relationships: Icik is modified by a scoria
cone, while Mekegolii and Mekeebrugu“are’ spatially associated with scoria cones; Kutéren and Acigdl-K, in
contrast, developed in relation te'oldentuff-ring structures (Figure 4). Such spatial and stratigraphic relationships
are compatible with repeatgd aetivation of closely spaced vents and, in some cases, vent migration within a
monogenetic volcanic system‘(@raettinger 2018; Graettinger and Bearden 2021), rather than requiring repeated
activity through the same vent.

Water also affected the CAVP maar systems through sedimentary processes operating between, during, and after
eruptive phases. Crater lakes, playas, volcaniclastic sedimentary interbeds, and the lahar-like unit at Mekegoli
(Figure 8K-L) demonstrate that water also affected sediment redistribution during and after maar-forming activity.
In particular, the volcaniclastic unit separating lower and upper maar deposits at Mekegolii is consistent with an
intra-eruptive episode of water-assisted sediment remobilization. The water responsible for such reworking need

not have been derived from the same aquifer or water reservoir that participated in magma-water interaction during
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the maar-forming explosions. Meteoric runoff, surface water, or subsequently formed crater lakes could also have
driven sediment remobilization (Lorenz, 2007). Changes in the availability and source of external water can also
contribute to transitions between phreatomagmatic and magmatic activity during the evolution of complex
monogenetic volcanoes (Chako Tchamabé et al. 2016; Foote et al. 2023; Hencz et al. 2024). Intercalated
sedimentary or reworked units may therefore record pauses or changes in depositional and eruptive conditions
within a complex monogenetic sequence. However, we do not interpret any studied maar succession as evidence
for polycyclic or polygenetic activity without independent evidence for a significant temporal break.

Crater morphology provides additional constraints on vent evolution, structural control, and post-eruptive
modification (Kereszturi et al. 2013; Graettinger 2018; Graettinger and Bearden 2021; Pedrazzi et al. 2024). Among
the studied maars, Icik provides one of the clearest examples with its strongly elongated chain-like crater (AR =
0.30), consistent with multiple closely spaced explosion loci and migration along & préviously mapped NNW-SSE-
trending fault (Uslular et al. 2022). Similarly, Acigdl-N has an elongatedg®@mplex footprint (AR = 0.58)
comprising five nested or coalescent sub-craters, supporting development through multiple adjacent explosion loci.
Across the CAVP, crater elongation axes show preferred NE-SW {o\E-W orientations broadly comparable with
regional structural trends, suggesting that pre-existing structuraleaknesses may have influenced vent propagation.
However, the morphometric data alone cannot demonstrate direet, control by individual faults. Post-eruptive
changes can be identified more directly by the spatial“gelation between maars and other nearby monogenetic
volcanoes in the CAVP (e.g., maar-lava dome complexes‘in the NAVC; maar-scoria cone complexes in KMF, and
maar-tuff-ring complexes in Acigdl-K andWKutérén)i Faults and slope failures additionally affect the crater walls
of Cora, Icik, Narligol, and Leskeri (Figufé*3),%although their timing is insufficiently constrained to classify them
specifically as syn-eruptive. Therefore, “the” complex crater morphologies record different combinations of
structurally controlled vent migsationjymultiple explosion loci, edifice overprinting, and post-eruptive changes,

which are not necessarily ob§eryed in all maars.

6 CONCLUSIONS

This study documents 18 Quaternary maars in the CAVP, 11 of which preserve tephra ring deposits exceeding 1 m
in thickness. The regional dataset shows that maar architecture cannot be attributed to a single control. Substrate
properties are most clearly expressed in lithic assemblages and, to a lesser extent, in crater geometry, whereas

hydrogeological conditions affect the availability and pathways of external water. Magma composition is
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associated with systematic differences in componentry and juvenile textures, while complex crater forms and
associated monogenetic edifices record vent migration, repeated activation of closely spaced vents, and later
morphological modification. The CAVP maars therefore illustrate how substrate, hydrogeology, magma properties,
and vent evolution exert different but overlapping influences on maar formation.

Eight recurring lithofacies (TBi, TB2, TB3, TBiens, AT1, AT2, ATy and LT) record deposits formed through variable
contributions from ballistic emplacement, debris-jet or jet-collapse processes, concentrated and dilute PDCs/base
surges, fallout or suspension settling and local remobilization. Individual facies are not uniquely diagnostic of
single emplacement mechanisms because similar sedimentological characteristics can result from different
combinations of transport, deposition, sediment concentration, and water availability. Lithofacies interpretations
therefore require integration with stratigraphic position, componentry, sedimentary structures, and field
relationships.

Vertical and lateral lithofacies alternations are best explained by repeatédgRanges in excavation, sediment
transport, and depositional conditions during maar-forming activity. Th€ sealed-depth/OSD concept is useful as a
qualitative framework for considering how explosion depth relative toseleased energy may affect crater excavation
and the production of surface ejecta. However, the tephra-ring dépositsiin the CAVP do not independently constrain
explosion depth or energy, and individual beds cannot be assigned to,specific scaled-depth conditions.
Componentry and juvenile textures reveal a systematicicompositional contrast. The analyzed felsic maars are
commonly juvenile-rich and contain pumice, perlite, and%bsidian with highly vesicular textures and thin, locally
collapsed vesicle walls. In contrast, the ‘maficintérmediate maars are generally more lithic-rich and contain
scoriaceous juveniles with thicker vesiclé walls, and irregular to interconnected vesicle networks, together with
cauliflower bombs and locally acctetionaryalapilli. These relationships suggest that magma composition influenced
the expression of phreatomagmatic fragmentation in the juvenile clasts. The higher viscosity of felsic melts
favoured preservation of strongly “deformed and elongated vesicle structures and abundant glassy juvenile
fragments, whereas the lowetsviscosity mafic-intermediate magmas produced contrasting scoriaceous vesicle
texture. The greater lithic proportions in many mafic-intermediate deposits, however, also record more substantial
country-rock excavation and cannot be attributed to magma composition alone. The observed compositional
correlation is therefore best explained by the combined effect of magma rheology, vesiculation, and substrate

excavation.
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