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On the relations between morphotectonics, seismicity, perennial and sporadic hydrothermalism on the volcanic island complex of Milos (Greece)
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Abstract

The volcanic island complex of Milos, situated ∼200 km north of the Hellenic subduction zone, records the interplay of volcanic, tectonic, and gravitational processes within multidirectional, polyphased rift systems that developed throughout the Mio–Plio–Quaternary. Its active and seismogenic fault network hosts both perennial and transient hydrothermal venting zones, offering a natural laboratory to examine fluid circulation within a volcanic arc built on stretched continental crust. This study refines the relationships between magmatism, seismicity, and hydrothermal activity, with implications for local geological hazards.

Two new morpho-tectonic sketches are presented. The first places the Milos volcanic center within the structural framework of the Aegean microplate; the second illustrates the spatial organization of the Milos tectono-hydrothermal-volcanic system. These reconstructions integrate detailed physiographic analyses (relief, slope), field observations, and multidisciplinary datasets on seismicity, hydrothermalism, and mineralization. At the scale of the Aegean microplate, (i) NE–SW faults are attributed to extensional deformation along the Mid-Cycladic Lineament; (ii) E–W faults relate to the opening of the Milos, Cretan, and Christiana basins, parallel to the mid-Miocene West Cycladic Detachments; (iii) NW–SE faults correspond to the Myrtoon Basin and Gulf of Milos openings, the latter being closed to the south by the Fyriplaka volcano; and (iv) N–S faults controlling the Zephyria graben and the eastern margin of Milos are continuous with Cretan fault systems and are parallel both to the Eocene trans-Cycladic thrust in the region and to magnetic anomalies in the subducted Tethyan oceanic crust south of the Hellenic subduction zone.

At the archipelago scale, seismicity, hydrothermal venting, alteration zones, and phreatic explosions are concentrated in the hanging wall of the Achivadolimni fault, along or near the intersections of the N–S Zephyria and NW–SE Fyriplaka grabens, directly above the inferred magma chamber. Microearthquake hypocentres, likely linked to fluid-induced fault dilation, occur beneath the Gulf of Milos (∼7 km) and Fyriplaka volcano (∼5 km). Their distribution suggests a genetic link between the intersecting grabens, cooling of isotherms beneath the gulf by descending seawater, surface hydrothermal manifestations, and tectonic earthquakes (e.g., Mw 5.3 Milos, 1992). A shallow hydrothermal convection loop (<3 km) probably overlies a magmatic reservoir where fluids accumulate beneath a self-sealed, low-permeability cap, possibly corresponding to a thermal brittle-ductile transition (370–450 °C). Co-seismic ruptures may locally breach this barrier, inducing “arterial fault” behaviour along the Achivadolimni fault. Pulsating hydrothermal activity and historical phreatic eruptions are interpreted as surface expressions of transient injections of over-pressurized magmatic fluids, leading to decompression, phase transitions, and fluid expulsion during seismic events. These coupled magmatic-hydrothermal-tectonic processes should be integrated into future hazard assessments for Milos.

Résumé

Le complexe volcanique de l’île de Milos, situé à ∼200 km au nord de la zone de subduction hellénique, résulte de l’interaction de processus volcaniques, tectoniques et gravitaires au sein de rifts multidirectionnels et polyphasés développés pendant le Mio–Plio–Quaternaire. Son réseau de failles actif et sismogène abrite des zones de dégazage hydrothermal permanent et transitoire, constituant un laboratoire naturel pour étudier la circulation des fluides dans un arc volcanique sur croÛte continentale étirée. Cette étude affine les relations entre magmatisme, sismicité et activité hydrothermale, avec des implications pour les risques géologiques locaux. Deux cartes morpho-tectoniques sont proposées. La première place le centre volcanique de Milos dans le cadre structural de la microplaque égéenne, tandis que la seconde illustre l’organisation du système tectono-hydrothermal-volcanique de Milos. Ces reconstructions intègrent des analyses physiographiques détaillées (relief, pente), des observations de terrain et des données multidisciplinaires sur la sismicité, l’hydrothermalisme et la minéralisation. À l’échelle de la microplaque égéenne : (i) les failles NE–SW sont liées à l’extension le long du Mid-Cycladic Lineament; (ii) les failles E–W sont associées à l’ouverture des bassins de Milos, de Crète et de Christiana, parallèles aux détachements cycladiques occidentaux du Miocène moyen; (iii) les failles NW–SE sont liées à l’ouverture du bassin de Myrtoon et du golfe de Milos, ce dernier étant fermé dans sa partie sud par le volcan de Fyriplaka; et (iv) les failles N–S, contrôlant le graben de Zephyria et la marge orientale de Milos, sont en continuité avec les failles crétoises et parallèles à la fois au « Eocene trans-Cycladic thrust » et aux anomalies magnétiques de la croÛte océanique téthysienne subduite. À l’échelle de l’archipel, la sismicité, le dégazage hydrothermal, les zones d’altération et les explosions phréatiques se concentrent dans le toit de la faille Achivadolimni, près des intersections des grabens N–S de Zephyria et NW–SE de Fyriplaka, au-dessus de la chambre magmatique supposée. Les hypocentres des micro-séismes, probablement liés à la dilatation des failles induite par les fluides, se trouvent sous le golfe de Milos (∼7 km) et le volcan Fyriplaka (∼5 km). Leur répartition suggère un lien génétique entre les grabens intersectés, le refroidissement des isothermes sous le golfe par l’eau de mer descendante, les manifestations hydrothermales et les séismes (e.g., Mw 5,3 Milos, 1992). Une boucle de convection hydrothermale peu profonde (<3 km) surmonte probablement un réservoir magmatique, où les fluides s’accumulent sous un couvercle hydrothermal auto-obturant à faible perméabilité, correspondant à une transition ductile-cassant (370–450 °C). Les ruptures co-sismiques pourraient franchir cette barrière, induisant un comportement de « faille artérielle » le long de la faille Achivadolimni. L’activité hydrothermale pulsatile et les explosions phréatiques sont interprétées comme des injections sporadiques de fluides magmatiques surpressurisés, entraînant décompression, transitions de phase et expulsion de fluides lors des séismes. Ces processus magmatiques-hydrothermaux-tectoniques doivent être pris en compte dans les futures évaluations des risques à Milos.
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1 Introduction
Volcanic rifts located in subduction back-arc positions exhibit intrinsically coupled magmatic and tectonic activity (e.g., Uyeda and Kanamori, 1979; Taylor, 2013) with complex interactions, particularly when their development occurs within previously thickened and structured continental crusts that have been partially mapped (Le Pichon and Angelier, 1979; Gautier et al., 1999; Jolivet et al., 2015). These rifts, interacting with arc volcanism, concentrate important economic and societal interests, as they host a high potential for geothermal energy (Jolie et al., 2021; Papachristou et al., 2014) and a diversity and large quantity of mineral resources (Naden et al., 2005; Voudouris et al., 2019). They also exhibit CO2 degassing zones that must be taken into account in the carbon cycle (e.g., Bini et al., 2020). These extensional to transtensional zones of active deformation are also responsible for the release of thermal and mechanical energy in an intraplate context, generating volcanic (e.g., Preine et al., 2022), seismic (e.g., Papadopoulos and Pavlides, 1992), gravitational (Camerlenghi et al., 2010) and tsunamogenic (e.g., Petricca and Babeyko, 2019) hazards whose spatial and temporal modes of occurrence remain to be documented.
Normal faults and associated structural heterogeneities (e.g., fractures, fracture corridors) within and around these tectonic-volcanic systems are transient zones of exchange between the mantle, crust, hydrosphere and atmosphere. They reflect a response to extension that sporadically drains the pressure, temperature and chemical gradients associated with volcanic and hydrothermal processes (Pirajno, 2012; Kilias et al., 2013; Loreto et al., 2019). The episodic redistribution of crustal fluids by earthquakes in faults and fractures has been studied for several decades, based on field analyses (e.g., Sibson, 1981; Bonini et al., 2016; Montanaro et al., 2022), vein textures (e.g., Sibson, 1994), geophysics (e.g., Geoffroy et al., 2022; Chiarabba et al., 2022), geochemistry (e.g., Valsami-Jones and Baier, 2001), and numerical modelling (e.g.,  Marguin et al., 2023). It has been quantified to be particularly effective in the case of extensional systems where normal faults and steeply dipping joints are optimally oriented to dilate during the interseismic period and increase the porosity/structural permeability of the crust in the first 5 kilometres (Muir Wood, 1994). During the seismogenic rupture, the extension is located in the normal fault zone and the cracks in its fault blocks close-up in response to the elastic rebound, inducing a fluid overpressure that pushes the water upwards where the pressures are lower (Muir Wood, 1994). At the same time, co-seismic shearing along the fault creates dilation structures (relays, dilation jogs) that pump in surrounding fluids (Frank, 1965; seismic pumping, Sibson, 1994, 2000). Post-seismic fluid discharge drains the overpressured parts of the crust by fault valve action through rupture of permeability barriers (e.g., hydrothermal self-sealing cap, Brittle-Ductile Transition − BDT), especially at the crustal scale (Fournier et al., 1999; Sibson, 2000; Terakawa et al., 2010). The complexity is that the BDT is generally defined in geophysical terms as the depth above which most earthquake hypocentres are located (e.g., Maggini and Caputo, 2021) whereas beneath volcanic systems with high geothermal gradients, the ’thermal’ BDT, allowing non-localized plastic flow (e.g., dislocation creep of quartz), can be close to the surface (at depths of 2–3 km), have an irregular geometry and be located along structural heterogeneities (Parisio et al., 2019). This zone may correspond to that occupied by the hydrothermal self-sealing cap within the temperature range of 370–450 °C (Fournier et al., 1999), therefore challenging the geophysical definition of the BDT. At all scales, the relationships between inherited and/or newly formed crustal tectonic architecture (Walsh et al., 2002), the long- and short-term rheology of fault systems (e.g., loading, slip, rupture, sealing by fault zone mineralization (Sibson, 1994; Sibson, 2001; Cavailhes et al., 2013)), the location of earthquake hypocentres (micro- and macro-seismicity; Gold and Soter, 1984; Geoffroy et al., 2022; Denrée et al., 2024), perennial hydrothermalism (infiltration, storage, discharge, e.g., Okamoto et al., 2022) and pulsating surface hydrothermalism (e.g., hydrothermal explosions and phreatic eruptions, e.g., Montanaro et al., 2022) remain to be documented in order to understand the interactions between the architecture of deformation types, their plurality, their rheologies and the compartmentalization of crustal fluid circulation (e.g., Ross et al., 2020). Thus, constraining the geometry and dynamics of geothermal systems in active deformation zones, particularly the distribution of fluid compositions, temperatures and pressures within them, enables us to discuss the complex 4D-relationships between the hydraulics of the upper crust and its rheology (e.g., seismicity and microseismicity in the vicinity of the BDT, e.g., Rowland et al., 2012).
The volcanic archipelago of Milos is the most important volcanic centre of the Aegean arc (Fytikas et al., 1986, Fig. 1 and 2), host the most important high-enthalpy geothermal field in Greece (Fytikas et al., 1976), and has resulted in the most mineralized island in Europe in terms of percentage of mineralized surface area (Liakopoulos et al., 2001; Grosche et al., 2023, Fig. 3). The magmatism at the origin of these exceptional features  is located in a post-thickening stretched continental crust, whose tectonic structures are only partially mapped by the scientific community, as they are essentially located at sea (e.g., Fytikas, 1977; Nomikou et al., 2013; Kokkalas and Aydin, 2013, Fig. 1 and 2). The detailed physiographic study and mapping of the structural lineaments will make it possible to document and hierarchize the subsurface processes responsible for the emergent or submerged topography (horsts and grabens) of the Milos archipelago. Using novel structural sketches, this work (i) shows the relationships maintained between the partially emerged peri-island geomorphologies and the major tectonic structures of the Aegean Sea (e.g., Myrtoon Basin, Christiana Basin, Cretan Basin, Mid-Cycladic lineaments) through a land-sea continuum based on multidisciplinary dataset (e.g., tectonics, marine geology, sedimentology, geophysics). (ii) Secondly, the authors examine the spatial relationships between fault networks, their architectures, the distribution of earthquakes (macro- and micro-seismicity), the distribution of recent volcanic events, and the distribution of perennial and sporadic surface hydrothermal events (e.g., phreatic eruptions). The causal links between these mechanisms will be investigated, in particular the possible relationship between seismic rupture of hydrothermal self-sealing cap systems leading to destabilization of surface reservoirs by sudden intrusion of fluids from reservoirs under lithostatic pressure. The ‘phreatic eruptions’ identified on the island, which led to its partial destruction around 2,300 yr ago, are also discussed in this context (e.g., Traineau and Delabakis, 1989).
2 Methodology
This physiographic study brings together and synthesises the multi-scale data and observations previously collected by the scientific community on land and at sea. Figures 2, 4 and 5 are based on topographical data (SRTM, Shuttle Radar Topography Mission), on bathymetric data from GEBCO and EMODnet (General Bathymetric Chart of the Oceans; European marine Observation and Data Network; https://emodnet.ec.europa.eu), on scientific publications for the Myrtoon basin / Antimilos area (Nomikou et al., 2014; Belka et al., 2024) and for the Paleochori bay (Nomikou et al., 2013). Analysis of the geological and geophysical data will allow us to discuss the controlling factors in the physiography (e.g., changes in elevation and slope) of the study area, as well as the spatial relationships between faults, seismicity, phreatomagmatism and hydrothermalism, both present and recent (Quaternary). Mapping of the tectonic lineaments of the Aegean Sea (Fig. 2) and the Milos Archipelago (Figs. 4 and 5) facilitates the identification of geomorphological markers associated with recent deformation episodes. It also locates volcanic edifices with recent or current activity, generally characterized by their pseudo-circularity, their slopes and the presence of a crater with little erosion, especially in the case of craters of historical phreatic eruptions (Fytikas et al., 1976). The word ’lineament’ is a geomorphological term referring to a mappable surface structure, linear, simple or composite, the segments of which are linear or slightly curved, and marks a break with the surrounding geomorphological signature (i.e., pattern, O’leary et al., 1976). Structural or tectonic lineaments are generally the surface expression of subsurface structural heterogeneities, such as recent fracture corridors, active faults (seismogenic or creeping), with no clear link to the kinematics of the latter at the scale of a lineament. The architecture of the mapped tectonic lineaments can be an indicator of the kinematics of a fault network, as can the difference in elevation on either side of a structure (e.g., pull-apart basin). The faults also produce propagating folds on the surface, creating a locally anomalous and/or broken slope, which can be mapped using the same technique (Florinsky, 1996). Limitations of such structural mapping depend on the (i) clarity of the geomorphological expression, (ii) the quality of the topographic / bathymetric data, as well as (iii) artefacts (Sander, 2007).
3 Geologic setting
3.1 South Aegean tectonics and magmatism
The studied area is located in Milos (Cycladic islands, Greece) which is part of the South Aegean Volcanic Arc, which results from the northwards subduction of the African plate underneath the Aegean microplate in an overall convergent setting (Pe and Piper, 1972; Le Pichon and Angelier, 1981; Kassaras et al., 2020, Figs. 1 and 2). The subduction started ⁓145 My ago and, since the upper Oligocene (⁓30 Ma), the position of the magmatic arc has started its southward motion due to slab retreat (Jolivet and Brun, 2010; Ring et al., 2010). A coeval regional back-arc extension started ⁓30 Ma ago, as expressed by a continental crust thinning across the Aegean Sea (Ring et al., 2010; Jolivet et al., 2021). The low degree of continental stretching and its long duration (40 Ma) without any oceanic crust formation suggest a complex tectonic context compared to other back-arc basins (Agostini et al., 2010). This crustal thinning results in the development of deep offshore basins bounded by seismogenic faults and a Moho discontinuity located at relatively shallow depths (Anastasakis and Piper, 2005; Nomikou et al., 2014, Figs. 2A and 2B). Authors have previously related the aforementioned extension across the Aegean Sea to either (i) a simple back-arc extension along normal faults (e.g., Feuillet, 2013; Roche et al., 2019) or to (ii) major NE-SW strike-slip faults segmenting this extension (Kokkalas and Aydin, 2013; Sakellariou and Tsampouraki-Kraounaki, 2019; Gueydan et al., 2025). Indeed, major NE-SW strike-slip faults such as the Mid Cycladic Lineament (MCL, Fig. 2B), parallel to the modern convergence direction, would have compartmentalized the extension and may have localized magma injections into the extensional quadrants of crustal strike-slip faults (Mascle and Martin, 1990; Piper and Perissoratis, 2003; Kokkalas and Aydin, 2013). The current geomorphological basins coincide with the Plio-Quaternary basins, demonstrating geodynamic coherence over the last 5 Ma (Anastasakis and Piper, 2005; Anastasakis et al., 2006; Sakellariou and Tsampouraki-Kraounaki, 2019, Fig. 2B). Present-day GPS velocities through the Aegean domain indicate a SW-directed translation relative to Eurasia at about 30.5 mm yr−1 (± 2 mm yr−1), perpendicular to the Hellenic arc (e.g., Reilinger et al., 2010).
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Toponymic map showing the main localities and tectonic structures in the Aegean region mentioned in this study. See Section 4 (“Physiographic analysis”) and Figure 2 for more details. The studied Milos Archipelago forms part of the Aegean volcanic arc.
Carte toponymique indiquant les principales localités et structures tectoniques de la région égéenne mentionnées dans cette étude. Voir la section 4 (« Analyse physiographique ») et la Figure 2 pour plus de détails. L’archipel de Milos étudié fait partie de l’arc volcanique égéen.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 (A) Topo-bathymetric and relief colored map of the Aegean Sea derived from SRTM (3 arc-second ca 30 m grid) and EMODNet Digital Bathymetry (1/16 arc-minute ca 115 m grid). (B) Associated morphotectonic sketch based on a detailed human-made lineaments mapping. Most of the lineaments are structural in origin and have been voluntarily overinterpreted to enhance discussion. The density of lineaments mostly depends on topo-bathymetric resolution and intensity of erosion, in particular on land. Milos appears to be located at the junction between the N110 trending southern part of the Myrtoon basin (My), the N-S trending structures dissecting the Aegean Sea, the Mid Cycladic Lineament (MCL) and­­ the N110 trending extensional faults leading to both the Cretan (C) and Christiana (Chr) basins. Hierarchy between neotectonics faults offsets can be positively correlated to the bathymetric relief. Am, Amorgos basin; An, Andros basin; Ar, Argolic basin; As, Astypalaea basin; C, Cretan basin; Chr, Christiana basin; Co, Corinth rift; CSK, Christiana-Santorini-Kolumbo rift; GoG, Gulf of Gokova; H, Heraklion Basin; Ka, Kamilonissi basin; Ma, Maleas basin; Mi-I, Mirthes-Ikaria fault; Myk, Mykonos; My, Myrtoon Basin; NI, North Ikaria Basin; NK, North Karpathos basin; SaG, Saronic Gulf; Si, Sikinos Basin; SK, South Karpathos basin.
(A) Carte topo-bathymétrique en couleurs de la mer Égée dérivée des données SRTM (grille de 3 secondes d’arc, soit environ 30 m) et de la bathymétrie numérique EMODNet (grille de 1/16 minute d’arc, soit environ 115 m). (B) Schéma structural associé basé sur une cartographie détaillée des linéaments. La plupart des linéaments sont d’origine tectonique et ont été volontairement surinterprétés afin d’enrichir la discussion. La densité des linéaments dépend principalement de la résolution topo-bathymétrique et de l’intensité de l’érosion, en particulier à terre. Milos semble être située à la jonction entre la partie sud du bassin de Myrtoon (My) orientée N110, les structures orientées N-S qui dissèquent la mer Égée, le Mid Cycladic Lineament (MCL) et les failles d’extension orientées N110 responsables des bassins crétois (C) et de Christiana (Chr). La hiérarchie entre les rejets des failles néotectoniques peut être positivement corrélée au relief bathymétrique. Am, Amorgos basin; An, Andros basin; Ar, Argolic basin; As, Astypalaea basin; C, Cretan basin; Chr, Christiana basin; Co, Corinth rift; CSK, Christiana-Santorini-Kolumbo rift; GoG, Gulf of Gokova; H, Heraklion Basin; Ka, Kamilonissi basin; Ma, Maleas basin; Mi-I, Mirthes-Ikaria fault; Myk, Mykonos; My, Myrtoon Basin; NI, North Ikaria Basin; NK, North Karpathos basin; SaG, Saronic Gulf; Si, Sikinos Basin; SK, South Karpathos basin.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Toponymy and synthetic geological map of Milos Island, based on the bibliography cited in the text and this study. The main tectonic structures (e.g., the Zephyria and Fyriplaka grabens), Quaternary volcanic centres (e.g., Trachylas, Fyriplaka), and mines (e.g., Cape Vani, Thiorychia) are also indicated.
Toponymie et carte géologique synthétique de l’île de Milos réalisée à partir de la bibliographie citée dans le texte et cette étude. Les principales structures tectoniques (e.g., le graben de Zephyria, le graben de Fyriplaka), les centres volcaniques du Quaternaire (e.g., Trachylas, Fyriplaka) et les mines (e.g., Cap Vani, Thiorychia) sont également indiqués.



3.2 Synthesis on the Milos geology
The geology of Milos has been studied throughout the last century (e.g., Sonder, 1924; Fytikas et al., 1976, 1986; Zhou et al., 2021). The island is made of four main geological units: (i) the alpine metamorphic basement, (ii) the Neogene sedimentary rocks, (iii) the volcanic sequences and (iv) the alluvial cover (Fytikas, 1977, Fig. 3).
The metamorphic basement of Milos belongs to the Aegean continental microplate where the Cycladic Blueschist Unit appears divided by the Trans-cycladic thrust in two nappes which developed during Paleocene/Eocene-aged subduction processes (Marsellos et al., 2012; Grasemann et al., 2018). These alpine metasedimentary rocks including micaschists, marbles, chloritic schists and quartzites, presently exposed in the south of Milos, were derived from Mesozoic protoliths and were metamorphosed to blue schists and green schists facies, respectively at 64 Ma ± 6 Ma and 35.2 ± 1 Ma (Fytikas, 1977; Grasemann et al., 2018). Isoclinal folds trend E-W to NW-SE with axial planes sometimes reworked as NW-SE trending shear-zone (Grasemann et al., 2018).
Upper Miocene to early Pliocene volcaniclastic sediments have been non-conformably deposited into WNW-SSE-trending extensional post-orogenic basins overlying the metamorphic basement of the Aegean micro-plate (Mercier, 1981; Van Hinsbergen et al., 2004). Prior to the onset of the Upper Pliocene volcanism, a remarkable stage of subsidence (0.9–1 km) occurred in the area during the early Pliocene development of these extensional basins (5.0–4.4 Ma; Van Hinsbergen et al., 2004).
Volcanism in the Milos archipelago started subsequently, about 3.5 Ma ago, with three main phases of explosive and extrusive activity, building in concert with tectonic uplifts of the present-day islands, with a probable subaerial emergence at 1.44 ± 0.08 Ma (Fytikas et al., 1986; Stewart, 2003; Stewart and McPhie, 2003). The Milos volcanic succession is composed of calc-alkaline volcanics, from basaltic andesite to rhyolite with a predominance of andesites and dacites (Fytikas et al., 1986; Stewart, 2003). Recent volcanic edifices such as Trachilas( −317 ka, Zhou et al., 2021) and Fyriplaka (− 37 ka, Kutterolf et al., 2021) are located at the tip of the NW-SE graben of the Milos gulf (0.38-0.1 Ma, phase 3 in Kokkalas and Aydin, 2013). Volcanism has continued up to the 1st century A.D. through hydrothermal and phreatic eruptions (Fytikas et al., 1986; −27 ka, Green Lahar, Principe et al., 2002; Traineau and Dalabakis, 1989) resulting in lahars deposits and / or tsunamites, particularly in Aghia Kyriaki (Photos-Jones et al., 1999; Hall et al., 2003). Onshore active solfatares and fumaroles and offshore hydrothermalism are related to this volcanic activity (Fitzsimons et al., 1997; Martelat et al., 2020; Khimasia et al., 2021). Geothermal manifestations are clearly associated with the Plio-Quaternary structural heterogeneities which localize and favor the hydrothermal circulation (Angelier, 1977; Fytikas, 1989, Ochmann et al., 1989). Hydrothermal circulation and related transition phases (e.g., boiling) led to the formation of economic minerals such as alunite, montmorillonite, sulphur, galena, manganese, iron oxides and epithermal gold; kaolin, baryte, perlite and bentonite, which are presently mined (Plimer, 2000; Liakopoulos et al., 2001 and therein references; Kilias et al., 2001; Naden et al., 2003; Schaarschimidt et al., 2021). The geothermal gradients in the five exploration wells drilled in the eastern region of the island, to depths of 1000 to 1200 metres, exhibit thermal gradients from 36 °C to 55 °C per 100 metres (Fytikas et al., 1989). Four wells were situated within the Zephyria graben, while the fifth was positioned along the border fault of the major N-S graben, to the north of Adamantas. The production zones are clearly identified within the fractured and brecciated metamorphic basement of the island. These wells show that conditions for boiling water at salinities between 20% and that of fresh water are common throughout the Milos hydrothermal system and explain the favourable conditions for the development of phreatic explosions by decompression of hydrothermal fluids (Fournier, 1989; Chiodini et al., 2023).
3.3 Synthesis on the Milos tectonics
Milos is situated within a complex system of crossing neotectonic grabens that can be interpreted as part of 10 km-scale submerged volcanic rifts (Pe-Piper and Piper, 2005; Nomikou et al., 2013; Preine et al., 2022, Figs. 1, 2B, and 4). Plio-Quaternary deformations are therefore complex, multi-directional, partly synchronous, cross-cutting, seismogenic, and interact with volcanic processes (Fytikas, 1989; Papanikolaou et al., 1993; Kokkalas and Aydin, 2013). They can be summarized as follows:

	During the Pliocene, NE-SW extension has been described into the volcaniclastic series despite the fact that the related fault stress analysis has shown relatively dispersed main stress axes (Fig. 86 in work by Jarigue, 1978).


	Late Pliocene NW-SE extension was expressed along ENE striking faults systems showing 20–80 m of vertical displacement (Angelier, 1979; Mercier, 1981; Phase I in Kokkalas and Aydin, 2013). This phase was responsible for the exposure of the metamorphic basement in the south of Milos and likely controls the settlement of dacitic domes and lavas (Kokkalas and Aydin, 2013, see Fig. 3 for the geological map).


	During the lower Pleistocene (noted “Calabrian” (between 1.8 Ma and 0.8 Ma) in Mercier, 1981), unconformable sedimentation has been described and tentatively related to the lower quaternary poly-directional compressional event recognized in the back-arc domain (Angelier, 1977; Jarigue, 1978; Fig. 2 in Mercier, 1981). This compressive event would be due to an acceleration of the subduction which would have temporally stopped the rhyolitic production (Angelier, 1977; Jarigue, 1978).


	During the Middle to the Upper Pleistocene, a N-S directed faulting/fracturing event is consistent with an E-W direction of extension in both onshore and offshore domains of Milos (Mercier, 1981; Anastasakis and Piper, 2005; between 1, 1 Ma and 0.38 Ma, phase 2 in Kokkalas and Aydin, 2013). Simultaneously, the Vromolimni-Kondaro fault bounding the western side of the Milos gulf shows strong tectonic activity, triggering Upper Pleistocene hydrothermal circulations and manganese mineralization (Fig. 3, Liakopoulos et al., 2001).


	Based on field analysis, a Quaternary reactivation of the existing NW-SE normal faults has been detailed in the Figure 4 of Angelier (1979). This NW-SE-trending network of normal faults displaces the Quaternary deposits and is likely responsible for the current-day physiography of Milos, in particular the NW-SE elongation of its gulf, along the seismogenic Achivadolimni North-eastward-dipping fault (Ganas et al., 2022).


	This NE-SW direction of extension is also consistent with the one derived from the focal mechanisms of 1987’s earthquakes at shallow depths, which were aligned along the NW-SE graben (1–10 km; Ochmann et al., 1989). This temporary network (1988–1989) of geophysical observations identified a seismic swarm 10 km beneath the island of Milos, with a hypocentre of 3 to 5 events/day interrupted by peaks of 600 events/day of low magnitude.


	Delibasis and Drakopoulos (1993) and Papadopoulos (1993) have shown that the 5.3 Mw earthquake and its aftershocks in 1992 were tectonic in origin, related to E-W extension (neotectonic observations); this earthquake showed dextral transtensive kinematics, and the main shock was located 9.6 km below the same NW-SE tectonic graben that shapes the gulf of Milos. Aftershocks have been detected at a depth of around 5 km. This 1992 earthquake, associated with a fault dipping more than 75°, caused (i) the appearance of NW-SE oriented fissures/fractures in which gas fumaroles formed, (ii) liquefaction along these tectonic fissures, sometimes at a considerable distance from the epicentre (12 km), (iii) significant subsurface hydrological changes (artesian wells, turbidity, changes in water table levels), (iv) temperature increases in existing fumaroles, (v) subsidence of the coastal zone (−50 cm) and (vi) rock falls and landslides (Papanikolaou et al., 1993). Abnormal animal behaviour seems to have been reported 12 h before the main shock (Papanikolaou et al., 1993), these testimonies would corroborate the important role of gas emissions, detected by certain animals, as likely seismic precursors (Wang et al., 2006). In 1918, an earthquake with an estimated Mw of between 2.8 and 4.8 also levelled houses and opened new fumaroles (Drakopoulos and Delibazis, 1975; Fytikas et al., 1976). On 8 July 1738, a violent earthquake destroyed the village of Zephyria (Ambraseys, 2009), located in the north-south graben of the same name (Figs. 3 and 5), although the fault that ruptured has not been identified.


	Stress tensors analysis all over the island has highlighted that the mean direction of extension into the Quaternary deposits seems coevally NW-SE to E-W directed (Fig. 89 in Jarigue, 1978; Kokkalas and Aydin, 2013). This extension is nearly perpendicular to the Quaternary Zephyria graben (Fytikas et al., 1986; 19 Ka in Principe et al., 2002) and consistent with the focal mechanism analysis performed in Delibasis and Drakopoulos (1993). In addition, and surprisingly, the GPS-derived horizontal velocity across Milos is perfectly N-S directed with a velocity of 2.66 mm yr−1 (Bohnhoff et al., 2006). By analysing INSAR data, Ganas et al. (2022) highlight a divergent differential movement of the eastern and western blocks of 1 cm/yr along the active NW-SE Achivadolimni fault, which borders the western margin of the Gulf of Milos (Fig. 3).



4 Physiographic analysis
4.1 Aegean Sea
Figure 2A shows the physiography of the Aegean Sea, where topo-bathymetric ruptures caused by faults bound the Plio-Quaternary offshore basins, linking the present physiography to the geodynamics of the last 5 million years (Sakellariou and Tsampouraki-Kraounaki, 2019). The mapped slope breaks, their linearity and a comparison with published knowledge of the Aegean Sea lead us to propose the tectonic sketch shown in Figure 2B. The volcanic archipelago of Milos appears to lie at the intersection of four major tectonic lineaments:
4.1.1 NE-SW trending lineaments
NE-SW tectonic lineaments are clearly expressed in the topo-bathymetry of the Aegean Sea, in particular by the fault systems of the South Karpathos Basin (SK), the Christiana-Santorini-Kolumbo Rift (CSK), the Gulf of Gokova (GoG), the Mirthes-Ikaria Fault (Mir-I) and the Mid-Cycladic Lineament (MCL, Fig. 1 and 2B). All these structures are subparallel to the Aegean crustal shear-zones described in Mascle and Martin (1990). The SW tip of the MCL is in the Milos sector, although some authors have mapped its presence to the north of the Milos archipelago (e.g., Brun et al., 2016; Sakellariou and Tsampouraki-Kraounaki, 2019), others to the south (e.g., Kokkalas and Aydin, 2013) and others have stopped mapping it to the NE of the archipelago (e.g., Le Pichon et al., 2019; Kassaras et al., 2020). Its behaviour is described as aseismic, demonstrating its current secondary role in active deformation; the MCL is thought to have ceased to function in the early Pliocene, in conjunction with the activity of the North Anatolian Fault (Walcott and White, 1998).
4.1.2 NW-SE trending lineaments
NW-SE oriented tectonic lineaments control the rugged physiography of the Corinth Rift (Co), the Saronic Gulf (SaG), the Argolic Basin (Ar), the Maleas Basin (Ma), the Cretan Basin (C), the Christiana Basin (Chr) and the southern part of the Myrtoon Basin (My) near the island of Antimilos, northwest of Milos (Fig. 2B). These major Aegean structures, which are essentially extensional, follow the cartographic traces of the North Cycladic Detachment and the West Cycladic Detachment, inherited from the Alpine compression phases (Searle and Lamont, 2022); they are also parallel to the direction of the West Anatolian Shear Zone (Papanikolaou and Royden, 2007). Linear slope breaks oriented ∼ N100E and large submarine elevation differences in the Milos area are located on the southern margin of the Myrtoon Basin and along the Cretan Basin, ∼ 50 km southeast of Milos (Sakellariou and Tsampouraki-Kraounaki, 2019).
4.1.3 E-W trending lineaments
An E-W tectonic fabric has also been observed north of the Crete and in the Amorgos grabens sector, particularly as evidenced by the E-W orientation of certain fault relays in the area (Fig. 2B). These tectonic lineaments may partially explain the slope break on the southern edge of Milos (Fig. 2B, Le Pichon et al., 2019). More generally, this E-W tectonic lineament direction is interpreted as being associated with the setting up of the Hellenic subduction (Mascle and Martin, 1990). This direction is also sub-parallel to the detachments associated with the formation of metamorphic domes, which express the extension of the Aegean back-arc in the lower crust during the middle Miocene (e.g., Serifos, located ∼50 km north of Milos, Ducoux et al., 2017).
4.1.4 N-S trending lineaments
The N-S trending tectonic lineaments of the Aegean Sea lie in the continuity of active N-S faults mapped in Crete (e.g., Gramvousa fault, Zacharias fault, Moslopoulou et al., 2014). These N-S fault systems control the tectonic grabens of the Hellenic Basin and are at the origin of the offshore basins south of Milos, at the eastern and western margins of the Myrtoon Basin, i.e., east of Serifos and Kythnos, and continue between mainland Greece and the island of Andros, towards the north of the Aegean Sea (Fig. 2B). In the Milos area, these lineament directions and the associated slope breaks appear to provide the junction between the N100E / NW-SE structures of the Myrtoon basin and the structures with the same direction bordering the Cretan Basin, and also explain the direction of the Zephyria graben (Fytikas, 1989). North of Milos, the N-S tectonic lineaments are parallel to the Eocene syn-orogenic trans-cycladic thrust (Grasemann et al., 2018; Glodny and Ring, 2022). At the scale of the eastern Mediterranean, the N-S tectonic lineaments are sub-parallel to the magnetic anomalies measured in the subducted Tethyan oceanic crust south of the Hellenic subduction (Granot, 2016).
The Quaternary activity of numerous offshore faults is also revealed in seismic profiles from the Folegandros Basin, the Milos Basin, between Ananes and Antimilos (west of Milos) to the south of Milos, and the Myrtoon Basin (Anastasakis and Piper, 2005; Anastasakis et al., 2006). The NW-SE to N100 faults that border the southern Myrtoon Basin show a clear morpho-tectonic expression and post-MIS12 Quaternary activity (e.g., Fig. 5 in Anastasakis and Piper, 2005). The N-S faults that control the eastern margin of the Myrtoon Basin, east of Sifnos, show significant Pliocene activity (fault and fault-propagation fold) and clear Quaternary reactivation (e.g., Fig. 4 dans Anastasakis and Piper, 2005). The offshore N-S to NE-SW fault systems to the south of Milos also show significant post-MIS-12 activity, accompanied by a clear morpho-tectonic expression, both indicative of their current activity (Fig. 8 in Anastasakis and Piper, 2005).
4.1.5 Volcanism
The volcanic centres of the Aegean Arc are located ∼200 km from the Hellenic Trough and are separated by ∼80 to 100 km (Fig. 2B; e.g., Sakellariou and Tsampouraki-Kraounaki, 2019). The spatial distribution of present or recent volcanic edifices within the volcanic centres of Nisyros and Santorini shows an elongation sub-parallel to the mapped NE-SW tectonic lineaments, characteristic of volcanic rifts (e.g., Preine et al., 2022). On a regional scale, the volcanoes of the Milos Archipelago, Poros, Methana, Aegina and Sousaki align on a NE-SW direction, sub-parallel to regional tectonic lineaments (Fig. 2B).
4.2 Milos archipelago
Figure 4A shows a topo-bathymetric map of the Milos archipelago, while Figure 4B shows a slope map. The combined physiographic analysis of these two figures shows that emerged and submerged landforms of the archipelago can be categorized as follows:
Structural high areas: Areas of relatively high altitude (> 100 m) with angular and jagged contours, covering several km2, such as the western areas of the island of Milos (Profitis Elias, Fig. 3) and the Tripiti area (> 200 m), the high N-S band running from Pollonia to Paliochori at the eastern end of Milos, most of the island of Kimolos and the island of Polyegos, generally correspond to tectonic blocks uplifted (relative horsts) by parallel or secant normal faults (Figs. 4A and 5). These normal faults create escarpments or cliffs, which can be identified by the linear slope breaks in Figure 4B (e.g., Thiorychia, old sulfur mines, Figs. 3 and 5). These structural highs are generally eroded by talwegs and canyons exhibiting regressive erosion morphologies in the emerged areas, which are located along second-order linear tectonic structures. Valleys and talwegs can either be perpendicular on a small scale (10–100 m), or parallel on a large scale (100 m–1 km) to slope failures, as commonly described for landforms associated with the dismantling of normal fault escarpments (Cotton, 1950). The structural highs are dissected by networks of fracture corridors and second-order faults, which are also underlain by erosion (e.g., Ksylokeratia area). Along escarpments or propagation-folds of active normal faults (e.g., Thiorychia, old sulphur mines), steep slopes of tectonic origin are readjusted by rockfalls and rotational landslides (e.g., Hesthammer and Fossen, 1999). Regressive erosion is particularly active along the tectonic lineaments to the east of Spathi (Fig. 3), where the Green Lahar (27 ka, Principe et al., 2002) is clearly affected by these gravitational destabilizations.
At sea, especially north of Antimilos and the Myrtoon Basin, areas of low relative bathymetry and large surface area (km2) also correspond to structural highs with angular contours (horsts or tilted blocks), whose termination can be explained by intersecting faults or fault segment relays (Fig. 4A). The straight slope breaks can also be explained by normal fault escarpments or normal fault propagation folds creating a flexure (Florinsky, 1996; Bouroullec et al., 2004). Due to the low resolution of the bathymetric data and their submerged position, these zones do not show fractured corridors or faults of scales smaller than multi-decametre displacement, nor clear erosional figures with the exception of the major canyons previously identified by Nomikou et al. (2013) (e.g., curvilinear canyon developed at the southwest margin of Serifos Island, Fig. 4B).
Structural low areas: Elongated areas of relative depression expressed by their flatness and adjoined by sub-linear structures show clear slope breaks that have already been interpreted as more or less rectilinear boundary faults (e.g., graben de Zephyria, Fytikas et al., 1989). The flatness of these depressions, particularly on land, is explained by the accumulation of sediments within these grabens, with no significant export zone towards the Gulf of Milos (i.e., airport zone and nearby salt marshes). However, the Quaternary filling of the Zephyria Graben remains limited, between 15 and 60 m according to borehole data analysis (Fytikas, 1989).
Offshore, the Myrtoon basin (−1080 m, Fig. 5) is an asymmetric WNW-ESE tectonic graben characterized by very steep slopes (> 30°) on its boundary faults. Its southern tectonic shoulder corresponds to a normal boundary fault with an offset of more than 1500 m (Nomikou et al., 2013). The shallow or relatively flat areas offshore correspond to the hanging-wall blocks of normal faults dipping towards the listric boundary fault (Fig. 5).
The volcanic edification of the archipelago is expressed by cones and craters recognizable by their circularity, generating crown-shaped reliefs that are sometimes open and occupied by quaternary pyroclastic flows and sequences (e.g., Fyriplaka volcano, Trachilas volcano, Fig. 4). Volcanic edifices (e.g., Antimilos (320 000 yr), Nomikou et al. (2013), Fig. 4B) can cause significant and steep reliefs (700 m of elevation with slope exceeding 30%) creating highly unstable cliffs (e.g., 1810, coastal landslide following a Hellenic arc earthquake, Ambraseys, 2009). The rugged terrain surrounding Antimilos Island is interpreted to be associated with submarine volcanic debris, flows, domes or dykes, analogous to outcropping volcanic features on land. The sub-conical shape of the submarine hills to the east of Antimilos suggests the existence of recent volcanic domes (Nomikou et al., 2013). Nearby fault systems appear to be disturbed and reoriented in the vicinity of the Antimilos volcanic edifices, shifting from a general NW-SE direction to N-S or E-W (Figs. 4 and 5).
On land, the differential erodibility of the exposed rocks (dome vs. volcanic-sedimentary cover) explains the differences in elevation that is not reflected in the linearity of the structural lineaments (e.g., dacitic dome of the trachylas).
A field of phreatic craters was mapped by Fytikas (1977) in the eastern part of the island (structural high) and is reported on Figure 5A (Langada area in Fig. 3). There are hundreds of craters, each measuring 15–20 metres in diameter and 3–4 metres deep, covering an area of 1–2 km2. Their clustering and rim overlap suggest successive local phreatic eruptions over a short period of time (Fontaine et al., 2003; Chiodini et al., 2023). This crater field extends in a north-west to south-east direction, sub-parallel to the Fyriplaka graben and the structures lining it.
4.3 Architecture of the Milos Gulf
At the scale of the island, morphotectonic analysis allows us to draw a detailed structural sketch in which the angularity of the Gulf of Milos appears to be structurally controlled:

	NW-SE faults, fractures and fracture corridors have created and maintained the elongation of the Gulf of Milos through the activity of the Fyriplaka Graben (Fig. 5). The southern part of this graben emerged in response to the presence of the Fyriplaka quaternary volcano (tuff ring, Fig. 4). The northern part of the gulf is deepened by boundary faults that create unstable cliffs in the area of Cape Vani (i.e., the Vromolini-Kondaro fault) and south-west of Tripiti. These structures continue to the NW and connect with the network of normal faults in the offshore Myrtoon Basin. In the Antimilos area, these faults appear to intersect some of the submarine volcanic edifices identified in the work of Nomikou et al. (2013). These NW-SE normal faults also control the graben to the south-east of Kimolos and very probably the tectonic architecture of the Kimolos Basin (-743 m, Karageorgis et al., 2016; Fig. 5).


	The N-S structures are particularly visible due to the geomorphological expression of the Zephyria Graben (N-S to N010), which creates an elongated flat area bounded by two subparallel N-S faults 1.5 km apart. The Zephyria Graben appears to be the lowest point of a 5 km wide N-S graben whose active eastern boundary fault lowers the Sarakiniko − Zephyria block along an axis passing through Mandrakia, Adamantas and Provatas Bay (Figs. 3 and 5). These faults control the elongation of the coastal coves, the linear morphology of the canyons and their Quaternary fillings in the Sarakiniko region (Fytikas et al., 1976; Leroy et al., 2023). These N-S faults also control the coastline to the east of Kimolos and the submarine slope rupture 4 km east of Milos, probably the expression of a normal fault with a collapsed western block.


	NE-SW trending active faults are visible to the south and east of Milos, defining grabens that are well represented in the bathymetric surveys of Nomikou et al. (2024). This fracture set is well expressed geomorphologically on the islands of Polyegos and Kimolos, and on the western elevated part of the island of Milos where they also locate Upper Pleistocene systems of gold-bearing fractures (Kilias et al., 2001). This is also the most recent extensional fracture direction (i.e., Quaternary − present) reported by various authors following their field studies (Jarrige, 1978; Leroy et al., 2023).


	The E-W trending structural lineaments are visible in the physiography of Milos on the northern edge of the island, where they control an identifiable fault break a few hundred metres upstream of the north-south trending canyon of Sarakiniko (Fig. 5). This structural lineament controls the E-W coastline near the Kodarou Bay by collapsing the northern block (on the Cap Vani side, Fig. 3). This E-W structure continues to the south of Antimilos in a network of normal faults that are poorly imaged but can be inferred from the seismic profiles published by Anastasakis et al. (2006). They extend westwards to connect with the N100 shoulder of the Myrtoon basin, near the Falkonera islet horst. On land, south-dipping normal faults cut the Lower Pliocene deposits east of Provatas Bay and the metamorphic basement at Spathi Cap, west of Paleochori (Fig. 3). These faults appear to be covered by the 27 000 yr old Green Lahar at this point (Principe et al., 2002).



4.4 Spatial relationships between structures and volcanism
Based on the detailed physiographic analysis in Figure 4, a neotectonic structural sketch is proposed in Figure 5A, with the superimposed spatial distributions of (i) volcanic centres and (ii) phreatic eruption craters with recent morphological expressions, (iii) recent hydrothermal alterations and (iv) current hydrothermal expressions (water, gas) listed in the scientific literature (Fytikas et al., 1977; Fytikas and Vugiukalakis, 1993; Dando et al., 1995, 2000; Mendrinos et al., 2010; Nomikou et al., 2013; Daskalopoulou et al., 2018; Megalovasalis, 2020; Burhing et al., 2023; Cavailhes, 2025a). The main Quaternary subaerial rhyolitic volcanic centres are Trachilas (north) and Fyriplaka (south), the latter closing off the bay of Milos and lying at the intersection of the Zephyria and Fyriplaka grabens (Figs. 4 and 5A). The Fyriplaka crater is a tuff ring measuring ∼1700 m in diameter and 220 m high, the north-western part of which is ripped open towards the Gulf of Milos (Fig. 5A).
Phreatic eruption craters are mainly located in the structural high (alt. ≃200 m, Langada area, Fig. 3) east of the N-S Zephyria graben, and are aligned on NW-SE oriented fracture zones, i.e., subparallel to the Fyriplaka graben (Fig. 5A). This sequence of phreatic eruption craters ends south of Thiorychia (old sulphur mines, Fig. 3), where their distribution suggests a lateral connection with the landslides observed on the cliffs of the area and the emerged and immerged hydrothermal seeps (Fig. 5A). Phreatic craters align along the same NW-SE direction in the Voudia area, notably aligned with the islet of Glaronissia made up of Lower Pleistocene lavas (Fytikas, 1977).
The Milos geothermal field includes active and extinct hot springs, hot soils, solfataras and submarine gas seeps, the latter only partially mapped (Fytikas et al., 1976; Fig. 5A). These geothermal or hydrothermal expressions are located only to the east of the western boundary fault of the Gulf of Milos (named the Achivadolimni fault in Kokkalas and Aydin, 2013), near phreatic eruption craters or even within them (e.g., into Fyriplaka ring; around the well MA-1 north to Adamantas). Disparate alignments can be interpreted along tectonic directions NW-SE, NE-SW (e.g., Kimolos, Tsokas et al., 1995) and to a lesser extent N-S (Fig. 5A). These surface manifestations are distributed preferentially in the metamorphic bedrock of the island, in the overlying cover, especially in areas where this cover is thin or missing (Fytikas and Marinelli, 1976; Fig. 3). With a few exceptions (e.g., the Fyriplaka antennae, ≃160 m, near Kamalos cap, alt.), most of the surface hydrothermal features are close to present sea level. Below the sea level, around fifty isolated or coalescing submarine depressions at depths between 125 and 220 meters in the outer part of the Gulf of Milos, 2 km north of Cape Vani and to the east of the N-S trending graben of the outer Gulf of Milos (Cavailhes, 2025a). Their diameters range from 10 to 200 m with negative relief of up to 70 m. These depressions are located directly above and/or within the hanging walls of the active normal faults, as indicated by their escarpments, and are aligned along the associated NW-SE and N-S structural directions. Burhing (2023) observed numerous areas of CO2 degassing from open fractures (100 °C), near the active faults that divert these depressions, as well as white/yellow chimneys structures made of massive cristalline sulphurs, carbonate crusts and bacterial mats. In the south of Milos, 3 km south of Aghia Kiriaki Bay, submarine depressions (10–100 m in diameter) that also degas CO2 are observed in a 1.8 km long, 1 km wide, 120 m deep, structurally controlled graben (Burhing, 2023). These depressions are preferentially distributed along the P and T structural planes (Nicolas, 1989). This structural architecture highlights a dextral, transtensional, strike-slip fault system that is expanding on the western edge of the basin. This fault architecture is consistent with the 1992 earthquake kinematics inferred from the focal mechanism (Delibasis and Drakopoulos, 1993).
The hydrothermalized zones mapped on the Fytikas (1977) geological map correspond either to the location of phreatic eruption craters, or to active hydrothermal vents (Fig. 5A). They may be elongated along major tectonic directions, either NE-SW in the Voudia area, or NW-SE in the Paleochori area (Fig. 5A).
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 (A) Topo-bathymetric and relief map of the Milos Archipelago derived from GEBCO data and completed with the bathymetric map of Nomikou et al. (2014). (B) Associated slope map derived from GEBCO data and including Antimilos, Kimolos and Polyegos. Both maps were used in addition to the cited literature to construct the synoptic structural sketch in Figure 5.
(A) Carte topo-bathymétrique de l’archipel de Milos dérivée des données GEBCO et complétée par la carte bathymétrique de Nomikou et al. (2014). (B) Carte des pentes associée dérivée des données GEBCO et incluant Antimilos, Kimolos et Polyegos. Les deux cartes ont été utilisées en complément de la littérature citée pour construire le schéma structural synoptique de la Figure 5.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5  Structural sketch of the Milos archipelago derived from the physiographic analysis of Figure 4, showing the main structural lineaments (see the equal-area rose diagram for the strikes of the lineaments) and highlighting faults, fault propagation folds and fracture corridors. The Milos archipelago is located at the intersection of neotectonic volcanic grabens that express multidirectional extension. (A) The structural sketch is overlaid with the location of Quaternary volcanic centres, phreatic craters, hydrothermalized rocks (Fytikas, 1977) and hydrothermal vents (Fytikas and Vugiukalakis, 1993; Dando et al., 1995; Khimasia et al., 2021; Mendrino et al., 2010; Louis et al., 2003). (B) The structural sketch is crossplotted with the locations of the earthquake epicenters. References are on Figure 5B and comments are in the text. The inset on the left, taken from Ganas et al. (2022), shows the aligned epicentres along the NW-SE and N-S lineaments. The focal point mechanism shown in the figure is related to the earthquake that occurred the 20th of March 1992 (Delibasis, N. D., and Drakopoulos, J. C., 1993). The focal depth distribution of local earthquake is taken from Ochmann et al., (1989).
Schéma structural de l’archipel de Milos dérivée de l’analyse physiographique de la Figure 4, montrant les principaux linéaments structuraux (cf., projection stéréographique pour les orientations de linéaments) et mettant en évidence les failles, les plis de propagation des failles et les couloirs fracturés. L’archipel de Milos est situé à l’intersection de grabens volcaniques néotectoniques exprimant une extension multidirectionnelle. (A) Le schéma structural est superposé à l’emplacement des centres volcaniques quaternaires, des cratères phréatiques, des roches hydrothermales (Fytikas, 1977) et des évents hydrothermaux (Fytikas et Vugiukalakis, 1993; Dando et al., 1995; Khimasia et al., 2021; Mendrino et al., 2010; Louis et al., 2003). (B) Le schéma structural est superposé aux localisations des épicentres de séismes. Les références figurent sur la Figure 5B et les commentaires sont dans le texte. L’encart à gauche est issu de Ganas et al. (2022) et montrent les épicentres de séismes alignés sur les linéaments NW-SE et N-S. Le mécanisme du foyer représenté sur la figure est lié au séisme qui s’est produit le 20 mars 1992 (Delibasis and Drakopoulos 1993). La distribution des hypocentres de séismes est issue de Ochmann et al., (1989).



4.5 Spatial relationships between structures and earthquakes
The island of Milos shows variable seismicity in time and clustered in space, primarily attributed to tectonic earthquakes and swarms of microearthquakes (Valsami and Baier, 2001). Figure 5B shows the location of the 1992 tectonic earthquake (Mw 5.3) and the distribution of microseismicity (Mw < 2) recorded on the archipelago since 1986 (Ochmann et al., 1989). Based on published scaling laws, the lengths of ruptured fault segments are about 4.9 km for the 1992 earthquake (Mw 5.3) and multi-metric (5 m–100 m) for microseismicity (Mw −0.5 to Mw 2) (Kanamori and Anderson, 1975; Wells and Coppersmith, 1994).
The epicentres of the micro-earthquakes are mainly offshore, particularly at the southern end of the Gulf of Milos, south of the town of Adamantas (Figs. 3 and 5B). These earthquakes are located at the intersection of the N-S and NW-SE grabens. Within a single microseismogenic event, the alignment of the epicentres in two distinct directions suggests that the NW-SE and N-S faults rupture simultaneously (Ganas et al., 2022). The seismological and InSAR data from the 2021–2022 microseismicity crisis suggest that the Achivadolimni fault hosts microseismicity under the Gulf of Milos (5–6 km deep), dips 60° to the east and accommodates 1 cm/yr of differential movement between its blocks (Ganas et al., 2022). In this same area, during the 1986 seismic crisis, the alignment of epicentres along NW-SE tectonic lineaments was also highlighted (Ochmann et al., 1989, Fig. 5B). These swarms of micro-earthquakes are mainly located 5–7 km below the surface and in the lowered block of the N-S graben. Scattered earthquakes, also offshore, mark the Fyriplaka Graben towards NW, at the exit of the Gulf of Milos, at the transition to the Myrtoon Basin. (e.g., Ochmann et al., 1989; Ganas et al., 2022). In this zone, 6 km east of Antimilos, normal faults oriented E-W and N-S, with a clear submarine morphotectonic expression, have been mapped and could locate these earthquakes (Fig. 5B). Alignment of NW-SE trending earthquakes can also be identified southeast of Voudia and in the Thiorychia area (old sulphur mines), just below the mapped phreatic craters and extending in a NW-SE direction (Figs. 5A and 5B).
South of Milos, earthquake epicentres have been mapped in the submerged part of the Fyriplaka graben, SE of the active volcano, at the structural intersection with the boundary fault east of the N-S Zephyria graben and particularly off Paleochori (Fig. 5B). In this area, the 1992 dextral transtensional 9.6 km-deep earthquake was located on a NW-SE fault, probably the Achivadolimni fault, which controls the subsidence of the Gulf of Milos (Delibasis and Drakopoulos, 1993).
A swarm of microearthquakes is also located in the southern part of the Zephyria graben, at the contact with the Fyriplaka volcanic edifice (Fig. 5B). Instrumental microseismicity appears to be absent beneath the Quaternary volcanic edifice of Tachylas, but a group of microearthquakes (1986 and 1987) was located below the structural high near Tripiti, separating the Fyriplaka grabens and the N-S Zephyria graben (Fig. 5B).
5 Discussion
5.1 Milos archipelago and the regional tectonics
The present physiography of the Aegean Sea can be explained by Plio-Quaternary extensional deformation, expressed by zones of preferential subsidence, corresponding to grabens where sediments accumulate, alternating with normal faults with raised structural highs, submerged (shallow banks) or emerged (islands), corresponding to tectonic horsts (Sakellariou and Tsampouraki-Kraounaki, 2019, Fig. 2). The volcanic archipelago of Milos lies at the intersection of three directional sets of tectonic lineaments, currently segmenting the Aegean Sea into a tectonic jigsaw puzzle (Figs. 2 and 6A). The fault directions are inherited from earlier tectonic-metamorphic pre-structuring, mainly alpine (e.g., Eocene compressive or transpressive phases, Aegean crustal shear zones described in Mascle and Martin (1990)) or post-orogenic (e.g., middle Miocene extension; Ducoux et al., 2017) and reactivated in the area by Plio-Quaternary extensive stresses. Based on the tectonic map shown in Figure 2 and following the work of Agostini et al. (2009), Plio-Quaternary extensional deformations are not confined to a back-arc basin to the north of the volcanic arc (i.e., Methana, Milos, Santorini, Nysiros). Instead, these volcanic edifices have settled in a multi-directional, pre-structured Aegean extensional region. In detail, the NE-SW trending faults appear to be the consequences of extensional deformation developed along the Mid-Cycladic Lineament or the Myrthes-Ikaria Fault (Fig. 6). These faults are active in the Milos area, where they show a clear morpho-bathymetric expression (Figs. 2 and 6) and Quaternary deformations observed on land and at sea (Anastasakis and Piper, 2005; Leroy et al., 2023; Belka et al., 2024). The NW-SE faults are associated with the opening of the Myrtoon Basin and the Gulf of Milos, the latter being partially emerged in the south of the island due to the presence of the Fyriplaka volcano. These faults are active in the Milos area, where they have a clear morphotectonic expression both on land and at sea, and localize seismicity, particularly along the Achivadolimni fault (Figs. 3 and 5, Ganas et al., 2022). On the regional scale of the Aegean, the E-W oriented faults observed in the Milos archipelago are associated with the opening of the Plio-Quaternary basins of the Milos, Cretan and Christiana basins, probably along post-orogenic structures sub-parallel to the West Cycladic detachments (Ducoux et al., 2017). The N-S fault systems responsible for the Zephyria tectonic graben on Milos, the offshore basins east of Serifos and Kythnos (Myrtoon Basin) extend as far as Crete, ruling out an origin solely associated with the Eocene syn-orogenic trans-cycladic thrust (e.g., Grasemann et al., 2018, Fig. 6A). These orientations are sub-parallel to magnetic anomalies measured in the subducted Tethyan oceanic crust (Granot, 2016) and may be their partial expression in the upper plate. This last family of active faults is probably the least studied and least understood of the Aegean system. To facilitate the following discussion, active deformation, seismicity and hydraulic drainage by hydrothermal fluids (water, gas) are located along the three main fault directions described above, oriented NW-SE (Fyriplaka Graben), N-S (Zephyria Graben) and NE-SW (MCL direction) (Figs. 5 and 6).
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Synoptic sketches showing (A) the current location of the volcanic center of Milos at the starry-shape intersection of 3 main neotectonic grabens of the Aegean Sea. (B) Hydrothermalism and phreatic eruptions can be found along all fault lines east of the Achivadolimni fault, particularly near the Fyriplaka volcanic centre. Tectonic earthquakes are mainly located along the N-S and NW-SE grabens.
Schémas synoptiques montrant (A) l’emplacement actuel du centre volcanique de Milos à l’intersection des trois principaux grabens néotectoniques de la mer Égée. (B) L’hydrothermalisme et les éruptions phréatiques peuvent être localisés le long de toutes les directions de failles à l’est de la faille de Achivadolimni, notamment à proximité du centre volcanique de Fyriplaka. Les séismes tectoniques sont principalement localisés le long des grabens N-S et NW-SE.



5.2 Seismo-tectonic architecture and earthquake hazards
The maximum expected magnitude of an earthquake is a function of the length of the fault zones that are likely to rupture (Wyss, 1979; Wells and Coppersmith, 1994). Precise mapping of active faults and their possible segmentation is thus essential for seismic hazard evaluation/quantification. In the Milos area, the spatial distribution of seismic swarms along the preferential directions of faults recognized at sea and on land materializes active faults (e.g., Liu et al., 2024). Historical and instrumental seismic activity is mainly associated with the NW-SE Fyriplaka graben and in particular the NE dipping Achivadolimni fault (Ochmann et al., 1989; Ganas et al., 2022), although both morphotectonic analysis and historical records suggest that other active fault directions may be seismogenic. (e.g., 1738, Zephyria earthquake, Ambraseys, 2009). The average lengths of fault segments mapped by morphotectonic analysis are often >1 km with normal to transtensional kinematics (Fig. 5B) and can exceed 10 km in length, especially the Achivadolimni fault zone (Fig. 6B). Published scaling laws (e.g., Wells and Coppersmith, 1994) show that a 10 km long rupture may produce a Mw 5.8 earthquake, while ∼1 km rupture lengths may produce earthquakes of Mw 5, consistent with the historical seismicity of the area (Papanikolaou et al., 1993). Note that the multidirectional and synchronous extensions in the study area generate a highly connected fault network, i.e., few fault tips are mapped, only connected, relay or intersecting zones (Fig. 5B, e.g., Nixon et al., 2020). This connectivity can lead to effective stress transfer from a given fault to its neighbour, a mechanism described for sequence seismicity on fault systems (Hauksson et al., 1993). In addition, the rupture of multiple faults in a single earthquake generally leads to an underestimation of the predicted magnitude based on the length of a mapped fault alone (Sieh et al., 1993). Given the tectonic architecture described in Figure 5 and published seismicity data showing microearthquakes on at least two fault directions (i.e., NW-SE and N-S) during the same seismic crisis (Ochmann et al., 1989), we propose that the earthquakes on Milos may be larger than the 1992 earthquake. In addition, the Peak Ground Acceleration (PGA) during an earthquake depends mainly on the magnitude and the distance between the hypocenter (a function of its depth) and the location of interest (e.g., Adamas, Fig. 2); the role of site effects seems statistically insignificant if the distance is less than 23 km (Masoumi et al., 2024). Historical seismicity on Milos shows that the hypocenters of crustal earthquakes are located at relatively shallow depths (5 km–10 km, Ochmann et al., 1989) and are therefore likely to generate high and destructive PGAs.
5.3 Recent thermal anomalies and magma chambers
Figures 5A and 5B show that, at the archipelago scale, the map coverage of microseismic epicenters is the same in area and location as the map coverage of hydrothermal events, suggesting that they may be linked. Microseismicity and hydrothermal manifestations are exclusively to the east of the Achivadolimni fault (i.e., in its hanging wall, where preferential fracturing is located, see Withjack et al., 1995), bounding the western border of the Gulf of Milos and the Fyriplaka Graben (Figs. 5A, 5B, and 7). In the context of volcanic arcs, hydrothermal manifestations are generally located above or in the immediate vicinity of magma chambers undergoing crystallization, particularly in the case of fractured/faulted systems where sub-vertical structures effectively drain the underlying liquid or gas pressure gradients and are likely to generate microseismogenic fault movements (e.g.; Weis, 2012; Doke et al., 2018; Nowacki et al., 2018; Okamoto et al., 2022; Fig. 7). This configuration would explain why various thermal expressions such as the Fyriplaka volcano, perennial hydrothermal springs, recent phreatic eruptions, microseismicity and recently hydrothermalized rocks are located directly above the magma chamber (Fig. 5B, Fig. 9 in Fytikas et al. (1989)). However, in detail, topography of volcanic or tectonic origin is likely to modify and shift hydrothermal fluid escape zones by modifying surface water entry points (e.g., seawater and meteoric water) and hydraulic load gradients in the hydrothermal system (Weiss, 2012). Self-sealing of faults and volcanic-sedimentary series can also generate temporal and spatial migrations of fluid circulation by cyclic reduction of porosity and permeability of rocks (Sibson, 2001; Spagnoli et al., 2024). The current mineralizing epithermal system is located in the hanging-wall of the Achivadolimni fault, while the western part of the island corresponds to a relict submarine epithermal system of upper Pliocene to lower Quaternary age (Liakopoulos et al., 2001), tectonically exhumed in the footwall of the same fault (Stewart, 2003; e.g., Au, Mn, Ba, Ag, Pb, Zn). Ongoing microseismic deformations in the hanging wall of the Achivadolimni Fault probably generate the opening increments required for the present stockwork-type epithermal mineralization a few hundred meters below the surface above the magma chamber (Fig. 5; Sibson, 1987, 2001; Liakopoulos et al., 2001).
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Synoptic cross-section showing the horst and graben architecture of the island of Milos along an E-W transect. The lower part of the section is stylized from the work of Jolivet  et al. (2021), showing the crustal-scale relationship between plutons and normal faults in a stretching continental context. The current hydrothermal system is located exclusively in the hanging-wall (to the east) of the Achivadolimni fault. The 370 °C isotherm probably limits the self-sealed hydrothermal cap that could correspond to a local “thermal BDT” (Fournier, 1999) in which matrix and structural permeabilities are very low. This zone represents the lower limit of convective circulation in the faults and fractures of the first 2–3 kilometres under hydrostatic pore pressure (R1, shallow reservoir, R2 deep reservoir, Naden et al., 2005). Lenses of fluids (gases, magmatic waters, meteoric waters and brines) under lithostatic pore pressure are trapped beneath the very low permeability hydrothermal self-sealing cap. During a significant seismic rupture (> Mw 5.5?), the structural drains open up, allowing significant hydraulic communication between the reservoir under lithostatic pressure and the surface reservoirs. The result is sudden destabilization due to temperature rise and decompression of surface reservoirs, which can lead to phreatic eruptions such as those that created the historic Thiorychia craters (Langada area, Fig. 3). On the right of the figure is the average geothermal gradient, 250-300 °C/km, recorded in the 5 boreholes of the Zephyria Graben. The toponymy is projected onto the section. The distinctions between the different lithologies (e.g., basement, metamorphic basement, Miocene cover, Miocene-Pliocene volcanism, domes and flows, Fytikas et al. (1989)) have not been included to make the figure easier to read. In the geophysical sense, the brittle-ductile transition (BDT) is defined as the depth above which most earthquake hypocentres are located (Maggini and Caputo, 2021). It has also been reported on the figure.
Schéma synoptique montrant l’architecture en horst et graben de l’île de Milos suivant un transect E-W. La partie inférieure de la coupe est stylisée à partir des travaux de Jolivet et al. (2021), montrant la relation à l’échelle de la croute entre les plutons et les failles normales en contexte d’étirement. Le système hydrothermal actuel se situe exclusivement dans le bloc de toit (à l’est) de la faille de Achivadolimni. L’isotherme 370 °C limite probablement le « hydrothermal self-sealed cap » pouvant correspondre localement à la « brittle-ductile transition zone » au sens thermique du terme (Fournier, 1999) dans laquelle les perméabilités matricielle et structurale sont très faibles. Cette zone limite par le bas une circulation convective dans les failles et fractures des 2-3 premiers kilomètres sous pression de pore hydrostatique. Sous le « hydrothermal self-sealed cap » de très faible perméabilité, sont piégés des lentilles de fluides (gaz, eaux magmatiques, météoriques et saumures magmatiques) sous pression de pore lithostatique. La dilation de ces fluides par décompression et refroidissement, notamment à l’aplomb du golfe de Milos, génère probablement la micro-sismicité dans les core-zones et damage zones de la faille artérielle de Achivadolimni. Au cours d’une rupture sismique significative (> Mw 5.5 ?), les drains structuraux s’ouvrent, autorisent une communication hydraulique significative entre le réservoir sous pression lithostatique et les réservoirs superficiels. Il en résulte une déstabilisation soudaine par élévation de température et décompression des réservoirs superficiels pouvant engendrer des éruptions phréatiques, telles que celles à l’origine des cratères historiques de Thiorychia (Langada area, Fig. 3). A droite de la figure, le gradient géothermique moyen, 300 °C / km, compilé dans les 5 puits du graben de Zephyria, est figuré. La toponymie est projetée sur la coupe. Les distinctions entre les différentes lithologies (e.g., socle, socle métamorphique, couverture Miocène, volcanisme mio-pliocène, dômes et coulées, Fytikas et al. (1989)) n’ont pas été reportées pour faciliter la lecture ­­de la figure. La Brittle-Ductile Transition (BDT) au sens géophysique est définie comme la profondeur au-dessus de laquelle l’essentiel des hypocentres de séismes est localisé (Maggini and Caputo, 2021). Elle est également indiquée sur la figure.



5.3.1 Macroseismicity and arterial fault
Macroseismicity at Milos has been interpreted as tectonic in origin and associated with regional normal faults (e.g., Achivadolimni fault; Papadopoulos, 1993, Mw 5.3) while microseismicity is likely associated with hydrothermal fluid circulation along active fault systems (Valsami-Jones and Baier, 2001; Ganas et al., 2022). Long-term Mio-Plio-Quaternary tectonic loading in the Aegean Sea generates extensional stresses that activate ductile listric faults with detachment geometry, locally associated with synkinematic plutons at the origin of surface arc volcanism (Jolivet et al., 2021, lower part of the Fig. 7). In the upper structural level or brittle domain (Mattauer, 1973), this extension is expressed by systems of horsts and grabens with Andersonian fault dips (i.e., 60–70° Anderson, 1905; Ganas et al., 2022), where normal faults and subvertical fractures dominate and where hydrothermal circulations are generally under near-hydrostatic pressure (epithermal system, Fytikas and Marinelli, 1976; Reynold and Lister, 1987; Fytikas, 1989; Fournier, 1999, Fig. 7). High-enthalpy hydrothermal alteration significantly modifies the initial chemical, mineralogical and textural compositions of rocks, resulting in changes in their petrophysical (i.e., porosity, permeability, density, elastic wave velocities, thermal conductivity) and mechanical (e.g., cohesion, strength, friction) properties (e.g., Mayer et al., 2016; Pirajno, 2012). In systems with strong geothermal gradients (greater than 50 °C/km), quartz solubility and precipitation are particularly effective between the isotherms 300–450 °C (Saishu et al., 2014) implying the hydrological compartmentalization of the crust between the 370 °C and 450 °C isotherms, depending on the authors (Fournier, 1999; Uno et al., 2023). This alteration zone of low matrix and structural permeability probably assumes the geometry of an antiform at the top of the crystallizing granite as a result of the heat flux emanating from the latter (Fig. 7). This hydrothermally self-sealing cap generally corresponds to the maximum depth of the hydrothermal convection zone (Utkin and Afanasyev, 2021), which is probably limited to the first 2–3 km of depth in the case of Milos, approximately based on the geothermal gradients measured in the wells (Fytikas, 1989). Analysis of geochemical data on epithermal mineralization on the island of Milos has shown that this upper hydrological system is composed of a mixture of seawater/meteoric water/volcanic gases and structured into two types of reservoirs partially connected by fault and fracture systems (Naden et al., 2005). The first type is associated with lateral saline intrusions heated at 100–175 °C (0–200 m), and currently producing submarine brine seeps. The second type (2 km) is fed by seawater and heated at 205 °C–350 °C (Naden et al., 2005). In a third type of reservoirs located underneath the hydrothermal self-sealing cap of low permeability, magmatic liquids, gases and brines under lithostatic pressure may accumulate in connection with the latent crystallization of the magma chamber (Saishu et al., 2014). Occasionally, these fluids can sporadically inject themselves into the overlying hydrostatic system, destabilizing it in terms of pressure, temperature, flow rate and chemical composition (Muraoka et al., 1998; Fournier, 1999, Fig. 7). Liquids from the upper system may also descend underneath the hydrothermal self-cap during the seismic rupture (Geoffroy and Dorbath, 2008). Given field observations of fluid overpressures associated with the 1992 seismic rupture (Papanikolaou et al., 1993), it is likely that the Achivadolimni fault is an arterial fault in the sense of Sibson (2019), i.e., rooted in basal seismogenic zone reservoirs located around the BDT plumb (with the magma chamber and likely to be drained during episodic fault movements (i.e., hypocenter depth 9.6 km, Fig. 7). In fact, during seismic ruptures, the high strain rates imply a rheological brittle behaviour of fault rocks (e.g., 10−11, Sibson, 1982), although they are subjected to thermal conditions implying long-term ductility at low strain rates (Fournier et al., 1999; Fridleifsson and Elders, 2005; lower part of the Fig. 7).
5.3.2 Microseismicity and arterial fault
In tectonic-volcanic contexts, swarms of microseismicity are commonly explained by fluid circulation (e.g., Scholz, 2019; Vidale and Shearer, 2006), either per descensum during co-seismic rupture (e.g., Geoffroy and Dorbath, 2008), per ascensum (e.g., Geoffroy et al., 2022), or by lateral flow (Okamoto et al., 2022). They are often related to liquid to gas transition (i.e., boiling) in a closed system by inducing rapid decompression of fluid-filled fault-zones (Benson et al., 2014). This boiling depth may be associated with high fluid pressures (near-lithostatic pore pressures), which are located beneath a permeability barrier either below a hydrothermal self-sealing cap and / or at the base of a brittle crust (Fournier et al., 1999; Zencher et al., 2006). Mechanically, the increase in fluid pressure in the fault zone (fractures and pores of the fault rocks) reduces effective stresses and generates aseismic slip and/or microseismicity (Sherburn et al., 2015; Cox, 2016; Bentz et al., 2019). The aseismic slip in turn perturbs the surrounding stresses, resulting in microseismicity or even macroseismicity that migrates in time and space from the point of fluid overpressure toward the tip of the fault (Liu et al., 2024). Opening increments on active faults result in episodic structural permeability conducive to mineral neoformation (Sibson, 2019). Due to their abnormal geomechanical properties, these newly formed minerals cause frictional softening, which can also cause subsidence and associated microseismicity (Valsami and Baier, 2001; Bromley, 2014).
The Gulf of Milos was fully emerged during the last glacial maximum (bathymetry < 120 m, Karageorgis et al., 1998), which means that the hydrothermal system has been receiving seawater from the surface for 20,000 yr. This inflow of seawater in disequilibrium with the underlying systems has probably changed the hydrothermal dynamics of the system (temperature, salinity, Coulibaly et al., 2006, Fig. 7). For instance, the hypocentres of the seismic swarms located 1 to 2 km deeper beneath the gulf than beneath the volcanic emerged part of the island (Ochmann et al., 1989) suggest that the presence of seawater above the system could cool down and lower both the isotherms and the boiling depths (responsible for fluid overpressure in the faults) in this area compared to the surrounding area (Fig. 7; Tanaka, 2004; Fontaine et al., 2003). The spatio-temporal distribution of micro-earthquakes allows the mapping of the propagation front of hydrothermal fluid movements in the subsurface and the discussion of their origin and geometry (e.g., Jeanne et al., 2014; Okamoto et al., 2022). The relative spatial stability of the location of microearthquake hypocentres under the Gulf of Milos over time corroborates the fact that microseismicity is probably due to fluid circulation and liquid to gas transition into faults (Benson et al., 2014; Danrée et al., 2024), notably at the intersecting Fyriplaka and Zephyria grabens (Fig. 5). The perennial and notable microseismicity at Milos is probably associated with the large volume of fluids (partly boiling) trapped below the hydrothermal self-sealing cap, right above the magmatic chamber, and sporadically injected into the shallow hydrothermal loop during tectonic earthquakes. This sudden natural fluid injection (per ascensum) is permitted by active and arterial faults (Sibson, 2019; e.g., Achivadolimni fault) generating opening increments and structural permeability in the hydrothermal self-sealing cap during co-seismic ruptures beneath the active secant grabens of the archipelago.
6 Conclusion
This work shows the spatial relationships between the structural architecture at the scale of a volcanic arc archipelago shaped by multidirectional extension, the 1992 macroseismicity, the instrumental microseismicity, the perennial hydrothermal escapes and the sporadic overpressures observed at the surface (i.e., historical phreatic eruptions). In particular, we put in perspective the role of the seismogenic and arterial Achivadolimni fault potentially rupturing the self-sealed hydrothermal cap (variable in space and time), this latter generally compartmentalizing the shallow and deep hydrothermal convection loops. In terms of geological hazards, these observations lead us to reconsider the tectonic origins of the phreatic eruptions (Thiorychia crater field?) that led to the destruction of 200–300 yr B.C. −aged Aghia-Kyriaki roman city (Traineau and Dalabakis, 1989; Photos-Jones et al., 1999; Cavailhes et al., 2025b). Indeed, our work supports that the occurrence of a large earthquake (Mw > 5.5?) on Milos could rupture the 2–3 km deep-located hydrothermally self-sealed cap system of fractures, depressurize and chaotically drain the fluids (water, gases) probably trapped near the BDT and currently explaining the microseismicity hypocenters. The fact that the Mw 5.3 earthquake in 1992 did not produce any significant phreatic eruptions suggests that the earthquake, which produced a crater field of about 4 km2, must have been much larger to mobilize such amount of fluids (King and Wood, 1994). This chain of events seems to have happened about 2,300 yr ago and could happen again in the future. Detailed work is also needed to constrain the links between current shallow and deep hydrothermal convection loops, and natural hydrogeologic/hydraulic fluctuations at different time-scales (e.g., precipitation, eustatism, tides, sealing processes, etc.).
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Toponymic map showing the main localities and tectonic structures in the Aegean region mentioned in this study. See Section 4 (“Physiographic analysis”) and Figure 2 for more details. The studied Milos Archipelago forms part of the Aegean volcanic arc.
Carte toponymique indiquant les principales localités et structures tectoniques de la région égéenne mentionnées dans cette étude. Voir la section 4 (« Analyse physiographique ») et la Figure 2 pour plus de détails. L’archipel de Milos étudié fait partie de l’arc volcanique égéen.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 (A) Topo-bathymetric and relief colored map of the Aegean Sea derived from SRTM (3 arc-second ca 30 m grid) and EMODNet Digital Bathymetry (1/16 arc-minute ca 115 m grid). (B) Associated morphotectonic sketch based on a detailed human-made lineaments mapping. Most of the lineaments are structural in origin and have been voluntarily overinterpreted to enhance discussion. The density of lineaments mostly depends on topo-bathymetric resolution and intensity of erosion, in particular on land. Milos appears to be located at the junction between the N110 trending southern part of the Myrtoon basin (My), the N-S trending structures dissecting the Aegean Sea, the Mid Cycladic Lineament (MCL) and­­ the N110 trending extensional faults leading to both the Cretan (C) and Christiana (Chr) basins. Hierarchy between neotectonics faults offsets can be positively correlated to the bathymetric relief. Am, Amorgos basin; An, Andros basin; Ar, Argolic basin; As, Astypalaea basin; C, Cretan basin; Chr, Christiana basin; Co, Corinth rift; CSK, Christiana-Santorini-Kolumbo rift; GoG, Gulf of Gokova; H, Heraklion Basin; Ka, Kamilonissi basin; Ma, Maleas basin; Mi-I, Mirthes-Ikaria fault; Myk, Mykonos; My, Myrtoon Basin; NI, North Ikaria Basin; NK, North Karpathos basin; SaG, Saronic Gulf; Si, Sikinos Basin; SK, South Karpathos basin.
(A) Carte topo-bathymétrique en couleurs de la mer Égée dérivée des données SRTM (grille de 3 secondes d’arc, soit environ 30 m) et de la bathymétrie numérique EMODNet (grille de 1/16 minute d’arc, soit environ 115 m). (B) Schéma structural associé basé sur une cartographie détaillée des linéaments. La plupart des linéaments sont d’origine tectonique et ont été volontairement surinterprétés afin d’enrichir la discussion. La densité des linéaments dépend principalement de la résolution topo-bathymétrique et de l’intensité de l’érosion, en particulier à terre. Milos semble être située à la jonction entre la partie sud du bassin de Myrtoon (My) orientée N110, les structures orientées N-S qui dissèquent la mer Égée, le Mid Cycladic Lineament (MCL) et les failles d’extension orientées N110 responsables des bassins crétois (C) et de Christiana (Chr). La hiérarchie entre les rejets des failles néotectoniques peut être positivement corrélée au relief bathymétrique. Am, Amorgos basin; An, Andros basin; Ar, Argolic basin; As, Astypalaea basin; C, Cretan basin; Chr, Christiana basin; Co, Corinth rift; CSK, Christiana-Santorini-Kolumbo rift; GoG, Gulf of Gokova; H, Heraklion Basin; Ka, Kamilonissi basin; Ma, Maleas basin; Mi-I, Mirthes-Ikaria fault; Myk, Mykonos; My, Myrtoon Basin; NI, North Ikaria Basin; NK, North Karpathos basin; SaG, Saronic Gulf; Si, Sikinos Basin; SK, South Karpathos basin.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Toponymy and synthetic geological map of Milos Island, based on the bibliography cited in the text and this study. The main tectonic structures (e.g., the Zephyria and Fyriplaka grabens), Quaternary volcanic centres (e.g., Trachylas, Fyriplaka), and mines (e.g., Cape Vani, Thiorychia) are also indicated.
Toponymie et carte géologique synthétique de l’île de Milos réalisée à partir de la bibliographie citée dans le texte et cette étude. Les principales structures tectoniques (e.g., le graben de Zephyria, le graben de Fyriplaka), les centres volcaniques du Quaternaire (e.g., Trachylas, Fyriplaka) et les mines (e.g., Cap Vani, Thiorychia) sont également indiqués.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 (A) Topo-bathymetric and relief map of the Milos Archipelago derived from GEBCO data and completed with the bathymetric map of Nomikou et al. (2014). (B) Associated slope map derived from GEBCO data and including Antimilos, Kimolos and Polyegos. Both maps were used in addition to the cited literature to construct the synoptic structural sketch in Figure 5.
(A) Carte topo-bathymétrique de l’archipel de Milos dérivée des données GEBCO et complétée par la carte bathymétrique de Nomikou et al. (2014). (B) Carte des pentes associée dérivée des données GEBCO et incluant Antimilos, Kimolos et Polyegos. Les deux cartes ont été utilisées en complément de la littérature citée pour construire le schéma structural synoptique de la Figure 5.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5  Structural sketch of the Milos archipelago derived from the physiographic analysis of Figure 4, showing the main structural lineaments (see the equal-area rose diagram for the strikes of the lineaments) and highlighting faults, fault propagation folds and fracture corridors. The Milos archipelago is located at the intersection of neotectonic volcanic grabens that express multidirectional extension. (A) The structural sketch is overlaid with the location of Quaternary volcanic centres, phreatic craters, hydrothermalized rocks (Fytikas, 1977) and hydrothermal vents (Fytikas and Vugiukalakis, 1993; Dando et al., 1995; Khimasia et al., 2021; Mendrino et al., 2010; Louis et al., 2003). (B) The structural sketch is crossplotted with the locations of the earthquake epicenters. References are on Figure 5B and comments are in the text. The inset on the left, taken from Ganas et al. (2022), shows the aligned epicentres along the NW-SE and N-S lineaments. The focal point mechanism shown in the figure is related to the earthquake that occurred the 20th of March 1992 (Delibasis, N. D., and Drakopoulos, J. C., 1993). The focal depth distribution of local earthquake is taken from Ochmann et al., (1989).
Schéma structural de l’archipel de Milos dérivée de l’analyse physiographique de la Figure 4, montrant les principaux linéaments structuraux (cf., projection stéréographique pour les orientations de linéaments) et mettant en évidence les failles, les plis de propagation des failles et les couloirs fracturés. L’archipel de Milos est situé à l’intersection de grabens volcaniques néotectoniques exprimant une extension multidirectionnelle. (A) Le schéma structural est superposé à l’emplacement des centres volcaniques quaternaires, des cratères phréatiques, des roches hydrothermales (Fytikas, 1977) et des évents hydrothermaux (Fytikas et Vugiukalakis, 1993; Dando et al., 1995; Khimasia et al., 2021; Mendrino et al., 2010; Louis et al., 2003). (B) Le schéma structural est superposé aux localisations des épicentres de séismes. Les références figurent sur la Figure 5B et les commentaires sont dans le texte. L’encart à gauche est issu de Ganas et al. (2022) et montrent les épicentres de séismes alignés sur les linéaments NW-SE et N-S. Le mécanisme du foyer représenté sur la figure est lié au séisme qui s’est produit le 20 mars 1992 (Delibasis and Drakopoulos 1993). La distribution des hypocentres de séismes est issue de Ochmann et al., (1989).
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Synoptic sketches showing (A) the current location of the volcanic center of Milos at the starry-shape intersection of 3 main neotectonic grabens of the Aegean Sea. (B) Hydrothermalism and phreatic eruptions can be found along all fault lines east of the Achivadolimni fault, particularly near the Fyriplaka volcanic centre. Tectonic earthquakes are mainly located along the N-S and NW-SE grabens.
Schémas synoptiques montrant (A) l’emplacement actuel du centre volcanique de Milos à l’intersection des trois principaux grabens néotectoniques de la mer Égée. (B) L’hydrothermalisme et les éruptions phréatiques peuvent être localisés le long de toutes les directions de failles à l’est de la faille de Achivadolimni, notamment à proximité du centre volcanique de Fyriplaka. Les séismes tectoniques sont principalement localisés le long des grabens N-S et NW-SE.
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	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Synoptic cross-section showing the horst and graben architecture of the island of Milos along an E-W transect. The lower part of the section is stylized from the work of Jolivet  et al. (2021), showing the crustal-scale relationship between plutons and normal faults in a stretching continental context. The current hydrothermal system is located exclusively in the hanging-wall (to the east) of the Achivadolimni fault. The 370 °C isotherm probably limits the self-sealed hydrothermal cap that could correspond to a local “thermal BDT” (Fournier, 1999) in which matrix and structural permeabilities are very low. This zone represents the lower limit of convective circulation in the faults and fractures of the first 2–3 kilometres under hydrostatic pore pressure (R1, shallow reservoir, R2 deep reservoir, Naden et al., 2005). Lenses of fluids (gases, magmatic waters, meteoric waters and brines) under lithostatic pore pressure are trapped beneath the very low permeability hydrothermal self-sealing cap. During a significant seismic rupture (> Mw 5.5?), the structural drains open up, allowing significant hydraulic communication between the reservoir under lithostatic pressure and the surface reservoirs. The result is sudden destabilization due to temperature rise and decompression of surface reservoirs, which can lead to phreatic eruptions such as those that created the historic Thiorychia craters (Langada area, Fig. 3). On the right of the figure is the average geothermal gradient, 250-300 °C/km, recorded in the 5 boreholes of the Zephyria Graben. The toponymy is projected onto the section. The distinctions between the different lithologies (e.g., basement, metamorphic basement, Miocene cover, Miocene-Pliocene volcanism, domes and flows, Fytikas et al. (1989)) have not been included to make the figure easier to read. In the geophysical sense, the brittle-ductile transition (BDT) is defined as the depth above which most earthquake hypocentres are located (Maggini and Caputo, 2021). It has also been reported on the figure.
Schéma synoptique montrant l’architecture en horst et graben de l’île de Milos suivant un transect E-W. La partie inférieure de la coupe est stylisée à partir des travaux de Jolivet et al. (2021), montrant la relation à l’échelle de la croute entre les plutons et les failles normales en contexte d’étirement. Le système hydrothermal actuel se situe exclusivement dans le bloc de toit (à l’est) de la faille de Achivadolimni. L’isotherme 370 °C limite probablement le « hydrothermal self-sealed cap » pouvant correspondre localement à la « brittle-ductile transition zone » au sens thermique du terme (Fournier, 1999) dans laquelle les perméabilités matricielle et structurale sont très faibles. Cette zone limite par le bas une circulation convective dans les failles et fractures des 2-3 premiers kilomètres sous pression de pore hydrostatique. Sous le « hydrothermal self-sealed cap » de très faible perméabilité, sont piégés des lentilles de fluides (gaz, eaux magmatiques, météoriques et saumures magmatiques) sous pression de pore lithostatique. La dilation de ces fluides par décompression et refroidissement, notamment à l’aplomb du golfe de Milos, génère probablement la micro-sismicité dans les core-zones et damage zones de la faille artérielle de Achivadolimni. Au cours d’une rupture sismique significative (> Mw 5.5 ?), les drains structuraux s’ouvrent, autorisent une communication hydraulique significative entre le réservoir sous pression lithostatique et les réservoirs superficiels. Il en résulte une déstabilisation soudaine par élévation de température et décompression des réservoirs superficiels pouvant engendrer des éruptions phréatiques, telles que celles à l’origine des cratères historiques de Thiorychia (Langada area, Fig. 3). A droite de la figure, le gradient géothermique moyen, 300 °C / km, compilé dans les 5 puits du graben de Zephyria, est figuré. La toponymie est projetée sur la coupe. Les distinctions entre les différentes lithologies (e.g., socle, socle métamorphique, couverture Miocène, volcanisme mio-pliocène, dômes et coulées, Fytikas et al. (1989)) n’ont pas été reportées pour faciliter la lecture ­­de la figure. La Brittle-Ductile Transition (BDT) au sens géophysique est définie comme la profondeur au-dessus de laquelle l’essentiel des hypocentres de séismes est localisé (Maggini and Caputo, 2021). Elle est également indiquée sur la figure.
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        Toponymic map showing the main localities and tectonic structures in the Aegean region mentioned in this study. See Section 4 (“Physiographic analysis”) and Figure 2 for more details. The studied Milos Archipelago forms part of the Aegean volcanic arc.

        Carte toponymique indiquant les principales localités et structures tectoniques de la région égéenne mentionnées dans cette étude. Voir la section 4 (« Analyse physiographique ») et la Figure 2 pour plus de détails. L’archipel de Milos étudié fait partie de l’arc volcanique égéen.
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        (A) Topo-bathymetric and relief colored map of the Aegean Sea derived from SRTM (3 arc-second ca 30 m grid) and EMODNet Digital Bathymetry (1/16 arc-minute ca 115 m grid). (B) Associated morphotectonic sketch based on a detailed human-made lineaments mapping. Most of the lineaments are structural in origin and have been voluntarily overinterpreted to enhance discussion. The density of lineaments mostly depends on topo-bathymetric resolution and intensity of erosion, in particular on land. Milos appears to be located at the junction between the N110 trending southern part of the Myrtoon basin (My), the N-S trending structures dissecting the Aegean Sea, the Mid Cycladic Lineament (MCL) and­­ the N110 trending extensional faults leading to both the Cretan (C) and Christiana (Chr) basins. Hierarchy between neotectonics faults offsets can be positively correlated to the bathymetric relief. Am, Amorgos basin; An, Andros basin; Ar, Argolic basin; As, Astypalaea basin; C, Cretan basin; Chr, Christiana basin; Co, Corinth rift; CSK, Christiana-Santorini-Kolumbo rift; GoG, Gulf of Gokova; H, Heraklion Basin; Ka, Kamilonissi basin; Ma, Maleas basin; Mi-I, Mirthes-Ikaria fault; Myk, Mykonos; My, Myrtoon Basin; NI, North Ikaria Basin; NK, North Karpathos basin; SaG, Saronic Gulf; Si, Sikinos Basin; SK, South Karpathos basin.

        (A) Carte topo-bathymétrique en couleurs de la mer Égée dérivée des données SRTM (grille de 3 secondes d’arc, soit environ 30 m) et de la bathymétrie numérique EMODNet (grille de 1/16 minute d’arc, soit environ 115 m). (B) Schéma structural associé basé sur une cartographie détaillée des linéaments. La plupart des linéaments sont d’origine tectonique et ont été volontairement surinterprétés afin d’enrichir la discussion. La densité des linéaments dépend principalement de la résolution topo-bathymétrique et de l’intensité de l’érosion, en particulier à terre. Milos semble être située à la jonction entre la partie sud du bassin de Myrtoon (My) orientée N110, les structures orientées N-S qui dissèquent la mer Égée, le Mid Cycladic Lineament (MCL) et les failles d’extension orientées N110 responsables des bassins crétois (C) et de Christiana (Chr). La hiérarchie entre les rejets des failles néotectoniques peut être positivement corrélée au relief bathymétrique. Am, Amorgos basin; An, Andros basin; Ar, Argolic basin; As, Astypalaea basin; C, Cretan basin; Chr, Christiana basin; Co, Corinth rift; CSK, Christiana-Santorini-Kolumbo rift; GoG, Gulf of Gokova; H, Heraklion Basin; Ka, Kamilonissi basin; Ma, Maleas basin; Mi-I, Mirthes-Ikaria fault; Myk, Mykonos; My, Myrtoon Basin; NI, North Ikaria Basin; NK, North Karpathos basin; SaG, Saronic Gulf; Si, Sikinos Basin; SK, South Karpathos basin.
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        Toponymy and synthetic geological map of Milos Island, based on the bibliography cited in the text and this study. The main tectonic structures (e.g., the Zephyria and Fyriplaka grabens), Quaternary volcanic centres (e.g., Trachylas, Fyriplaka), and mines (e.g., Cape Vani, Thiorychia) are also indicated.

        Toponymie et carte géologique synthétique de l’île de Milos réalisée à partir de la bibliographie citée dans le texte et cette étude. Les principales structures tectoniques (e.g., le graben de Zephyria, le graben de Fyriplaka), les centres volcaniques du Quaternaire (e.g., Trachylas, Fyriplaka) et les mines (e.g., Cap Vani, Thiorychia) sont également indiqués.
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         Structural sketch of the Milos archipelago derived from the physiographic analysis of Figure 4, showing the main structural lineaments (see the equal-area rose diagram for the strikes of the lineaments) and highlighting faults, fault propagation folds and fracture corridors. The Milos archipelago is located at the intersection of neotectonic volcanic grabens that express multidirectional extension. (A) The structural sketch is overlaid with the location of Quaternary volcanic centres, phreatic craters, hydrothermalized rocks (Fytikas, 1977) and hydrothermal vents (Fytikas and Vugiukalakis, 1993; Dando et al., 1995; Khimasia et al., 2021; Mendrino et al., 2010; Louis et al., 2003). (B) The structural sketch is crossplotted with the locations of the earthquake epicenters. References are on Figure 5B and comments are in the text. The inset on the left, taken from Ganas et al. (2022), shows the aligned epicentres along the NW-SE and N-S lineaments. The focal point mechanism shown in the figure is related to the earthquake that occurred the 20th of March 1992 (Delibasis, N. D., and Drakopoulos, J. C., 1993). The focal depth distribution of local earthquake is taken from Ochmann et al., (1989).

        Schéma structural de l’archipel de Milos dérivée de l’analyse physiographique de la Figure 4, montrant les principaux linéaments structuraux (cf., projection stéréographique pour les orientations de linéaments) et mettant en évidence les failles, les plis de propagation des failles et les couloirs fracturés. L’archipel de Milos est situé à l’intersection de grabens volcaniques néotectoniques exprimant une extension multidirectionnelle. (A) Le schéma structural est superposé à l’emplacement des centres volcaniques quaternaires, des cratères phréatiques, des roches hydrothermales (Fytikas, 1977) et des évents hydrothermaux (Fytikas et Vugiukalakis, 1993; Dando et al., 1995; Khimasia et al., 2021; Mendrino et al., 2010; Louis et al., 2003). (B) Le schéma structural est superposé aux localisations des épicentres de séismes. Les références figurent sur la Figure 5B et les commentaires sont dans le texte. L’encart à gauche est issu de Ganas et al. (2022) et montrent les épicentres de séismes alignés sur les linéaments NW-SE et N-S. Le mécanisme du foyer représenté sur la figure est lié au séisme qui s’est produit le 20 mars 1992 (Delibasis and Drakopoulos 1993). La distribution des hypocentres de séismes est issue de Ochmann et al., (1989).
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        Synoptic sketches showing (A) the current location of the volcanic center of Milos at the starry-shape intersection of 3 main neotectonic grabens of the Aegean Sea. (B) Hydrothermalism and phreatic eruptions can be found along all fault lines east of the Achivadolimni fault, particularly near the Fyriplaka volcanic centre. Tectonic earthquakes are mainly located along the N-S and NW-SE grabens.

        Schémas synoptiques montrant (A) l’emplacement actuel du centre volcanique de Milos à l’intersection des trois principaux grabens néotectoniques de la mer Égée. (B) L’hydrothermalisme et les éruptions phréatiques peuvent être localisés le long de toutes les directions de failles à l’est de la faille de Achivadolimni, notamment à proximité du centre volcanique de Fyriplaka. Les séismes tectoniques sont principalement localisés le long des grabens N-S et NW-SE.
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        Synoptic cross-section showing the horst and graben architecture of the island of Milos along an E-W transect. The lower part of the section is stylized from the work of Jolivet  et al. (2021), showing the crustal-scale relationship between plutons and normal faults in a stretching continental context. The current hydrothermal system is located exclusively in the hanging-wall (to the east) of the Achivadolimni fault. The 370 °C isotherm probably limits the self-sealed hydrothermal cap that could correspond to a local “thermal BDT” (Fournier, 1999) in which matrix and structural permeabilities are very low. This zone represents the lower limit of convective circulation in the faults and fractures of the first 2–3 kilometres under hydrostatic pore pressure (R1, shallow reservoir, R2 deep reservoir, Naden et al., 2005). Lenses of fluids (gases, magmatic waters, meteoric waters and brines) under lithostatic pore pressure are trapped beneath the very low permeability hydrothermal self-sealing cap. During a significant seismic rupture (> Mw 5.5?), the structural drains open up, allowing significant hydraulic communication between the reservoir under lithostatic pressure and the surface reservoirs. The result is sudden destabilization due to temperature rise and decompression of surface reservoirs, which can lead to phreatic eruptions such as those that created the historic Thiorychia craters (Langada area, Fig. 3). On the right of the figure is the average geothermal gradient, 250-300 °C/km, recorded in the 5 boreholes of the Zephyria Graben. The toponymy is projected onto the section. The distinctions between the different lithologies (e.g., basement, metamorphic basement, Miocene cover, Miocene-Pliocene volcanism, domes and flows, Fytikas et al. (1989)) have not been included to make the figure easier to read. In the geophysical sense, the brittle-ductile transition (BDT) is defined as the depth above which most earthquake hypocentres are located (Maggini and Caputo, 2021). It has also been reported on the figure.

        Schéma synoptique montrant l’architecture en horst et graben de l’île de Milos suivant un transect E-W. La partie inférieure de la coupe est stylisée à partir des travaux de Jolivet et al. (2021), montrant la relation à l’échelle de la croute entre les plutons et les failles normales en contexte d’étirement. Le système hydrothermal actuel se situe exclusivement dans le bloc de toit (à l’est) de la faille de Achivadolimni. L’isotherme 370 °C limite probablement le « hydrothermal self-sealed cap » pouvant correspondre localement à la « brittle-ductile transition zone » au sens thermique du terme (Fournier, 1999) dans laquelle les perméabilités matricielle et structurale sont très faibles. Cette zone limite par le bas une circulation convective dans les failles et fractures des 2-3 premiers kilomètres sous pression de pore hydrostatique. Sous le « hydrothermal self-sealed cap » de très faible perméabilité, sont piégés des lentilles de fluides (gaz, eaux magmatiques, météoriques et saumures magmatiques) sous pression de pore lithostatique. La dilation de ces fluides par décompression et refroidissement, notamment à l’aplomb du golfe de Milos, génère probablement la micro-sismicité dans les core-zones et damage zones de la faille artérielle de Achivadolimni. Au cours d’une rupture sismique significative (> Mw 5.5 ?), les drains structuraux s’ouvrent, autorisent une communication hydraulique significative entre le réservoir sous pression lithostatique et les réservoirs superficiels. Il en résulte une déstabilisation soudaine par élévation de température et décompression des réservoirs superficiels pouvant engendrer des éruptions phréatiques, telles que celles à l’origine des cratères historiques de Thiorychia (Langada area, Fig. 3). A droite de la figure, le gradient géothermique moyen, 300 °C / km, compilé dans les 5 puits du graben de Zephyria, est figuré. La toponymie est projetée sur la coupe. Les distinctions entre les différentes lithologies (e.g., socle, socle métamorphique, couverture Miocène, volcanisme mio-pliocène, dômes et coulées, Fytikas et al. (1989)) n’ont pas été reportées pour faciliter la lecture ­­de la figure. La Brittle-Ductile Transition (BDT) au sens géophysique est définie comme la profondeur au-dessus de laquelle l’essentiel des hypocentres de séismes est localisé (Maggini and Caputo, 2021). Elle est également indiquée sur la figure.
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