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Chapter 1. Introduction 

Geology of the NE Honshu – Southern Kuril Arc  

The NE Honshu to southern Kuril region is a typical convergent margin, where is 

magmatism associated with a subduction. This is one of the well-described subduction zones 

which provides a useful information for understanding how subduction factory produce magma, 

from the most primitive basalts to the most evolved silicic magmas.  

The NE Honshu – Southern Kuril arc is associated with westward subduction of the 

Pacific plate beneath the Eurasian plate at a rate of 7.7 to 8.2 cm/yr (Syracuse et al., 2010). The 

northeastern Honshu-Hokkaido-Southern Kuril subduction system is a unique example where 

there is a gradual transition from NE Honshu, with a crustal thickness of 35-40 km and a slab 

dip angle to about 30°, to the southern Kuril Islands, with a crustal thickness of 15-20 km and 

a slab dip angle to 46° (Syracuse at al., 2010). Such a transition, together with different 

thickness and composition of Island crust, explain the change in the composition of eruptive 

rocks. The collision of the Northeast Japan arc with the Kuril arc due to oblique subduction of 

the Pacific plate is evident at the transition boundary (Iwasaki et al., 2019). The types generated 

by volcanoes differ significantly in the studied zone, which is obviously a consequence of 

differences in crustal thickness, slab dip angle, and other subduction parameters (plate age, dip 

rate, thermal parameter, slab thickness). The modern volcanism of the frontal part of these arcs 

is characterized by a large number of large silicic eruptions, whereas the rear part of the arc is 

characterized by more primitive basaltic and andesite-basaltic volcanoes, and silicic volcanism 

is limited.  
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Figure 1.1. Map of the NE Honshu – Southern Kuril Arc subduction zone. The red dots represent the 
calderas involved in this study and discussed below. Dotted lines indicate slab depths (Zhao et al., 1997). 
Thick grey line indicates a volcanic front.  

 

Genesis of voluminous silicious magmas in subduction zones. Its storage and 

magmatic processes timescales  

In this study, voluminous silicic magma formation is key issue. To respond to these 

questions, I describe in detail the results of a study of four large caldera eruptions: the caldera 

eruption of Mendeleev volcano, two caldera eruptions of Onikobe caldera and one caldera 

eruption of Naruko caldera (NE Honshu). I have established P-T-fO parameters for the 

formation of these magmas, the content of volatiles in the parental melts, and proposed 

scenarios and mechanisms of formation for each certain case. 

Caldera forming eruptions are of particular interest because of their high explosivity and 

large volumes of erupted material. Caldera-forming eruptions are characterized by volumes of 

ejected material ranging from the first km3 to the first hundred km3. At the same time, all caldera 

eruptions are examples of silicic volcanism. Large caldera eruptions mostly occurred in 

subduction settings and are associated with the development of shallow high-silica magmatic 

system, with a high concentration of volatile components.   

The formation of such voluminous, fluid-rich magmatic systems is the cause of 

combination of magmatic processes occurring from the slab to the upper crust. Within the crust, 
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two main processes can lead to the formation of silicic magmas: differentiation of primary 

magmas (e.g., Gill, 1981; Grove et al., 2002; Annen et al., 2006; Nandedkar et al., 2014; Marxer 

et al, 2022; Miyagi et al., 2023) and/or partial melting of crustal rocks (e.g., Rapp et al., 1991; 

Beard & Lofgren, 1991; Atherton & Petford, 1993; Rapp & Watson, 1995; Petford & Atherton, 

1996; Petford & Gallagher, 2001; Izbekov et al., 2004; Annen et al., 2006; Shukuno et al., 2006; 

Hammerli et al., 2018; Kotov et al., 2023). These processes are inextricably linked. For 

example, the intrusion of primitive rocks into the island crust leads to partial melting of these 

rocks, and the formation of most evolved ones, while crystallization of intruded magmas forms 

other residual silicic magmas and silica-depleted restite. The interaction of magmas with each 

other (mixing) or with crustal rocks (assimilation) leads to the formation of additional scenarios 

of magma formation. Eventually, shallow magma storage zones are formed, in which large 

amounts of felsic low-mobile magmas are stored.  

It’s known that crustal magma bodies contain large amount of volatile components in 

the form of dissolved compounds, structural units of minerals and fluid. Recent studies of 

volcanic emanations and inclusions of mineral-forming environments show that the most 

important volatile components of magmatic systems are H2O and CO2. Such volatiles as S, F, 

Cl, and others play a less prominent, but still important role in the evolution of caldera-forming 

eruptions, as well as in the formation of epithermal and porphyry deposits (Wallace, 2005; 

Oppenheimer et al., 2014).  

For over a century, the melt-dominated magma chamber was a predominant concept 

describing arc crustal magmatic systems. However, in recent decades, much evidence has called 

into question this established paradigm. Simultaneously, physicochemical models exploring 

igneous processes have indicated the surprising difficulty in both the formation and 

maintenance of magma chambers. Consequently, there has been a growing emphasis on igneous 

processes that involve a magma chamber confined solely to the uppermost portion of a 

significantly larger magmatic system. This system extends throughout the crust, exhibits a 

predominantly crystalline structure, and encompasses a heterogeneous distribution of melt, 

crystals, and exsolved volatiles across space and time. 

A recent model on the generation and accumulation of voluminous magma is the ‘crystal 

mush model’ (Hildreth, 2004; Bachmann & Bergantz 2004, 2008). Following that model, 

magmatic systems can exist in crustal conditions as bodies of crystal-rich (>45–60 % crystals) 

magma of broadly intermediate bulk composition and highly silicic interstitial melt. Such 

bodies may occasionally erupt (the ‘monotonous intermediates’ of Hildreth 1981; e.g., 
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Bachmann et al. 2002), but most evolved crystal-poor rhyolites are inferred to have been 

extracted from the mush zone and accumulated at shallower levels prior to eruption (Allan et 

al., 2013) in the “melt-dominant” eruptible bodies. Thus, here we consider the formation 

mechanisms of bulk felsic magmas of two volcanoes in terms of petrology and mineralogy and 

volatile content. 

It is known that the formation of such mushy bodies within the crust can take 105-106 

years, while remobilization and migration of eruptible magmas can occur within years to 

thousand years (e.g., Cooper, 2019, and references therein). Thus, interpreting the time scales 

of these processes plays a key role in understanding geological processes.  

 
Figure 1.2. Schematic illustration of diffusion profile on the border between two zones in the mineral.  

There are many ways to estimate the time scales of these processes. One of such ways 

is time scales based on diffusion profiles in a mineral. Diffusion zoning occurred at the crystal 

boundary when the surrounding parameters change. That border can be used to estimate the 

equilibration time of this crystal during the transition from one magmatic environment to 

another. Thus, it is possible to estimate the timing of such processes as the movement of 

magmas from depth to shallower parts, mixing of magmas, remobilization of mush, and 

initiation of eruptions through mafic recharge. Diffusion time modelling suggests that initially, 

when P-T conditions changed around the crystal, its composition changed abruptly, and step-
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wise concentration gradients were formed. This gradient was changed over time by elements 

interdiffusion, resulting in sigmoidal concentration gradients (Fig. 1.2). The assumption that 

the sigmoidal gradient is a result of diffusion only yields the maximum timescale. Diffusion 

chronometry, which is applied to such compositionally zoned crystals, provides important 

insights into pre-eruptive magmatic timescales (Costa et al., 2008; Dohmen et al., 2017; Costa 

et al., 2020; Costa, 2021; Chakraborty & Dohmen, 2022; Sato et al., 2022; Elms et al., 2023). 

There can also be discrepancies in time scales estimated from different phases recording 

seemingly common processes (e.g., Chamberlain et al., 2014), so if zonality in crystals permits, 

it is important to consider time scales across multiple phases. 

Water budget in crustal magmatic systems  

Subduction zones are the largest Earth factory where is exchanging in volatiles (H2O, 

CO2, S, halogens) appear between the different Earth's reservoirs. Studying the process of 

magma formation and evolution of magmatic systems in subduction zones is a fundamental 

task of geology designed to answer questions about the mechanisms of formation of new 

continental crust, epithermal deposits, and the role of subduction in geochemical cycles of 

major volatiles (Jarrard, 2003; Wallace, 2005; Kimura & Yoshida, 2006; Grove et al., 2012; 

Parai & Mukhopadhyay, 2012; Zellmer et al., 2015). The process of magma formation and 

circulation of volatile components are inextricably linked and, therefore, it is impossible to 

consider the circulation of volatile elements in the subduction zone without considering the 

mechanisms of magma genesis. Thus, this study is designed to investigate the evolution of some 

Quaternary magmatic systems in the region and the volatile content of their magmas in order 

to complement the existing understanding of the global volatile circulation in the NE Honshu 

and Southern Kuril Islands region. 

There are many different approaches to studying fluid flux in subduction zones. 

Geophysical studies have revealed the macroscopic distribution of fluid in the subduction zone 

and particularly in crust (e.g., Hasegawa et al., 2005; Hasegawa et al., 2009; Ogawa et al., 

2014), geochemical studies have estimated long-term fluid flux from subducting plates 

(Iwamori, 1998; Hacker, 2008; Van Keken, 2011; Nakamura et al., 2019) and volcanoes, 

solidifying magmatic chambers and dikes (Kimura & Nakajima, 2014; Uno et al., 2017; 

Amanda et al., 2019). However, the absolute amounts and flow rates of the crustal fluids are 

highly uncertain, owing to the limited resolution of those approaches in the lower crust. Such 

deep crust fluids principally originate from the dehydration of the subducting slab. Hydrous 

magmas generated in the mantle wedge carry aqueous fluids that are released into the lower 
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and middle crust (Kimura and Nakajima et al., 2014). These fluids then migrate to the bottom 

of the upper crust and deep geothermal reservoirs (e.g., Nakajima et al., 2001; Tsuchiya et al., 

2016). 

 
Figure1.3. Schematic cross section of NE Japan and estimated water flux from (Kimura and Nakajima, 
2014) 

In fact, shallow silicic magmatic systems are the final water reservoir in the entire global 

subduction cycle. Recently (Kimura and Nakajima, 2014; Kimura et al., 2017), estimated water 

flux into the crust of the Honshu Island arc from the subduction plate and water mass balance 

in this part of the subduction zone. Based on that investigation, total water input in subduction 

zone of NE Honshu is 34 tons/year/meter of subduction length, while total input into the crust 

of 13 tons/year/meter of subduction length. However, the mass balance of water flow directly 

within the crust remains unclear. Obviously, water reaching the crust involves in all magmatic 

processes and can be consumed in reaction with crustal rocks and remain as dissolved or 

structural water in intrusive bodies. Only some part of this water can reach the upper crustal 

reservoirs and be released into the atmosphere during eruptions. In order to find this out, it is 

necessary to understand the mechanism of magma formation and migration throughout the 

entire crustal thickness, from the more primitive basaltic magmas in the lower crust, to the most 

evolved silicic magmas in the upper crust. Therefore, I want to address this problem. Also, 

estimates of water content in the upper crustal reservoirs of felsic magma are important because 

1) these reservoirs are potential sources of geothermal energy; 2) dissolved volatiles in the 

magma define the style and catastrophic potential of a future eruption; 3) they contribute to the 

formation of epithermal deposits due fluid separation and interaction with crustal rocks.  
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Objective and Thesis Structure 

The purpose of this study is to investigate in detail the magma formation processes of 

three large Pleistocene calderas in NE Honshu (Naruko and Onikobe calderas) and Kunashir 

Island (Mendeleev caldera). Here we pay attention to a detailed study of the mineralogy of 

pyroclastic flows and mineral and melt inclusions from phenocrysts of eruptive rocks. Based 

on the data obtained, we reconstruct the history of magmatic chamber development that led to 

the final large caldera eruptions. In addition to basic petrological studies, we address two 

relevant petrological topics as applied to the objects under study: (1) time scales of magma 

formation and mobilization based on diffusion profiles in quartz and orthopyroxene and (2) 

calculation of the water excess that forms during the formation of these magmas under shallow 

crustal conditions. 

The structure of this thesis consists of six chapters. The first chapter is introduction and 

back- ground study. The second chapter devoted to the detailed petrological investigation of 

Mendeleev caldera eruption occurred 40 thousand years ago in Kunashir Island. The results 

described in this chapter were also published in an article (Kotov et al., 2023; JPeT). The third 

chapter is detailed petrological description of Naruko caldera eruption and two Onikobe caldera 

eruptions. Described results prepared for publication in JVGR. Chapter 4 is devoted to a study 

of the timescales of formation and mobilization of magmas from both eruptions of the Naruko 

caldera. The fourth chapter is inspired by the chapter three as minerals of Naruko caldera 

deposits have abundant diffusion zoning which indicate different mixing and mobilization 

processes. Thus, based on diffusion profiles in orthopyroxene and quartz, we provide important 

information about geological processes and their duration before final catastrophic eruption. In 

the fifth chapter, we attempted to estimate the excess of water in the formation of felsic magmas 

through the crystallization of more primitive magmas and partial melting of amphibole-bearing 

crustal rocks. These scenarios are a theoretical estimate of the magmas of the Naruko and 

Mendeleev caldera eruptions considered in the example previously described in detail. Chapters 

6 is conclusions summarizing the results of the entire dissertation.  
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zones (f). Numbers are shown An mol% based on EPMA analysis in black spots. An mol%  = 

[XCa/(XCa + XNa+XK) × 100].  

Figure 3.10. BSE images of the pyroxenes from Ikezuki tuffs (a-c) and Shimoyamazato 

Tuffs (d-f). (a) “Mafic” clot of clino- and orthopyroxene crystals in Ikezuki tuffs with abundant 

amphibole inclusion; (b and c) Ikezuki clinopyroxene crystal oriented lamellae of 

orthopyroxene and amphibole; (d) Shimoyamazato orthopyroxene crystal cut along the C axis 

with amphibole inclusions located in the Mg-rich core; (e and f) Shimoyamazato orthopyroxene 
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crystal cut across the C axis with amphibole inclusions located in the Mg-rich core; Note the 

mantle High-Mg zone between core and rime in the crystals cut across C-axis. Numbers 

showing Mg-number based on EPMA analysis in black spots Mg-number = 

[XMg/(XMg + XFe)× 100]. Mgt- Magnetite, Amph-amphibole. 

Figure 3.11. Compositions of mafic minerals in the Ikezuki tuffs and Shimoyamazato 

tuffs: (a) Classification of pyroxenes according to (Morimoto, 1988); (b) classification of 

amphiboles following (Hawthorne et al., 2012). Calculated using a spreadsheet, formula units 

were calculated based on 22 oxygens (Locock, 2014). Ed, edenite; Prg, pargasite; Sdg, 

sadanagaite; Tr, tremolite; Mg-Hbl, magnesio-hornblende; Ts, tschermakite.  

Figure 3.12. Statistical distribution of orthopyroxenes in the pumice of the 

Shimoyamazato deposits. The predominant types for each eruption are shown in bold.  

Figure 3.13. Variations of the major elements in MIs from orthopyroxene and quartz 

and groundmass glasses from Ikezuki tuffs, Shimoyamazato pumice and Yanagisawa pumice. 

All data are plotted volatile-free, normalized to 100%. Al Fe as FeO.  

Figure 3.14. Volatile elements variations MIs from orthopyroxene, quartz, and 

groundmass glasses from Ikezuki, Shimoyamazato, and Yanagisawa tuffs. SiO2 and K2O 

content are plotted volatile-free, normalized to 100%. Isobars plotted based on VolatileCalc 

calculation under 850°C (Newman & Lowenstern, 2002).  

Figure 3.15. Result of thermometry and barometry application for the Ikezuki tuffs 

(upper row) and Shimoyamazato tuffs (bottom row), respectively. Amph - amphibole, Opx – 

orthopyroxene, Plag – plagioclase.  

Figure 3.16. Result of thermometry and barometry application for the Yanagisawa tuffs. 

Amph - amphibole, Opx – orthopyroxene, Plag – plagioclase.  

Figure 3.17. Schematical ME’s connection pathways for Ikezuki and Shimoyamazato 

magma. Each arrow corresponds to the number of EPMA travers from core to rim, indicated 

observed zoning patterns.  

Figure 3.18. Schematical ME’s connection pathways for Yanagisawa magma. Each 

arrow corresponds to the number of EPMA travers from core to rim, indicated observed zoning 

patterns.  

Figure 3.19. Cartoon cross-section of the Yanagisawa magma system. The magmatic 

processes inferred from crystal textures and chemistry (discussed in the text).  
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Figure 4.1. Diffusion timescale profile (b and d) through core to inner rim boundary in 

Yanagisawa orthopyroxene (a and c), respectively.  

Figure 4.2. Yanagisawa multiple-zones orthopyroxene with thick border between core 

and inner rim and streaky outermost part. 

Figure 4.3. CL-images of Shimoyamazato quartz (a) and Yanagisawa (b, c). Red arrows 

indicated modelled border for Shimoyamazato quartz (d and e) and Yanagisawa (f and g). 

Figure 4.4. Summary plots of the model ages derived from diffusion profiles in (a) 

Shimoyamazato quartz and (b) Yanagisawa orthopyroxene and quartz, respectively.  

Figure 5.1. Variation diagrams showing bulk rock data, melt inclusion data and melt 

compositions estimated using the Rhyolite-Melts software. Data are volatile-free, normalized 

to 100%. All Fe as FeO. Two lines for 150 and 300 MPa modeling, respectively, are shown for 

comparison.  

Figure 5.2. Crystallization result of basaltic andesite from Naruko in Rhyolite-Melts at 

a constant pressure of 150 MPa, fO2 of FMQ+2, initial H2O=4.2 wt% and CO2=0.001 wt% and 

estimated water excess.   

Figure 5.3. Results of dehydration melting experiments from (Beard and Lofgren, 

1991). Isoplets indicate the water content of the amphibole-bearing source that is being melted.  

Figure 5.4. (a) Concept of Rhyolite-Melts modelling for Mendeleev magma case. Figure 

(b) present results of Rhyolite-Melts simulation, where is Y-axis is total water excess in wt.% 

of magma.  
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Chapter 2. Mendeleev volcano. Formation of voluminous dacite 

through partial melting under shallow-crustal conditions in 

Kunashir Island (Southern Kuril arc)  

2.1. Introduction 

Caldera eruptions, occurring within subduction zones, are rare events but can have 

catastrophic consequences. When a magmatic system progresses towards a violent caldera-

forming eruption, a significant amount of mobile magma accumulates at shallow depths in the 

arc crust, capable of being rapidly erupted. The precise mechanisms behind the formation and 

accumulation of such large volumes of felsic magma remain uncertain, hindering our ability to 

understand the conditions that give rise to massive calderas. The generation of dacitic or 

rhyolitic arc magmas is commonly attributed to two primary processes: the differentiation of 

primary mafic or andesitic magmas (e.g., Gill, 1981; Grove et al., 2002; Annen et al., 2006; 

Nandedkar et al., 2014; Marxer et al., 2022; Miyagi et al., 2023) and/or partial melting of crustal 

rocks (e.g., Rapp et al., 1991; Beard & Lofgren, 1991; Atherton & Petford, 1993; Rapp & 

Watson, 1995; Petford & Atherton, 1996; Petford & Gallagher, 2001; Izbekov et al., 2004; 

Annen et al., 2006; Shukuno et al., 2006; Hammerli et al., 2018). These processes can occur 

concurrently, with heat and fluids released during the fractional crystallization of basalts 

playing a significant role in crustal melting. 

Caldera-forming eruptions are typically associated with active continental margins 

characterized by a thick, mature continental crust, such as southwestern North America and the 

Central Andean Volcanic Zone (e.g., Stern, 2004; Watts et al., 2016; Grocke et al., 2017). Such 

eruptions are also prevalent in certain arcs with continental-type crust, such as Sumatra Island 

(Indonesia) (e.g., Chesner, 1998) and Honshu Island (Japan) (Yoshida et al., 2014). In contrast, 

island arcs formed on oceanic crust generally do not exhibit evidence of large-scale caldera 

eruptions. However, explosions accompanied by the formation of calderas measuring up to 10 

km in diameter and erupting volumes reaching hundreds of cubic kilometers are common 

occurrences in these eruptions, capable of impacting the global climate and environment in 

certain cases (e.g., Oppenheimer, 2003). Therefore, it is crucial to understand the causes and 

conditions that lead to powerful eruptions in young volcanic arcs. However, the origins of such 

eruptions remain poorly constrained and requires further research. 

The southern Great Kuril Island Chain (Chishima Islands), serves as an excellent 

example of an island arc developed on a crust characterized by an immature felsic portion. 
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Within the southern Kuril Island Arc, multiple caldera eruptions have occurred during the 

Pleistocene and Early Holocene periods (Bazanova et al., 2016). Kunashir Island, situated in 

the southern Kurils, is home to two calderas. However, previous petrological studies on 

Kunashir Island have primarily focused on its early tectonic history, Miocene-Pleistocene 

basaltic volcanism, and fumarolic activity. Among the studied volcanoes, Tyatya stands out due 

to its recent eruption in 1973 (e.g., Martynov et al., 2005, 2010a,b; De Grave et al., 2016; 

Kalacheva et al., 2017a,b; Martynov & Martynov, 2017; Taran et al., 2018; Zharkov, 2020). 

Despite covering a significant portion of the island, caldera eruptions involving siliceous 

magma with andesitic and dacitic compositions have received limited research attention. 

Conducting investigations on these eruptions is crucial as they can provide valuable 

insights into the nature of large-scale explosions within volcanic arcs that possess immature or 

absent felsic crusts, such as certain regions of the Kuril and Aleutian arcs. Results described 

here represents the first petrological investigation specifically focusing on the origin and 

evolution of dacitic magma responsible for one of the most significant explosions in the Kuril 

Islands during the Late Pleistocene.  

2.2. Geological settings 

Kunashir is the southwestern most and one of the largest (123 km long and 1490 km²) 

islands of the Kuril Island Arc. The island is located on the convergent boundary of the Pacific 

and Okhotsk lithospheric plates. The subduction in the southern part of the arc is oblique (WNW 

direction), with a rate of plate convergence perpendicular to the dip of the slab of 7.7 cm/yr 

(Syracuse et al., 2010). Lavas and pyroclastic rocks formed by submarine eruptions during the 

middle Miocene are the oldest volcanic rocks of the island. Detailed descriptions of aspects of 

the geological history of the island have been given by (Gorshkov, 1967; Piskunov, 1987; 

Laverov et al., 2005; De Grave et al., 2016; Martynov et al., 2017; Kotov et al., 2023).  

The volcanic activity of Kunashir Island during the Pleistocene–Holocene has occurred 

in four large volcanic centers: Tyatya (1819 m), Rurui (1485 m), Mendeleev (886 m), and 

Golovnin (541 m) volcanoes (Fig. 2.1). The neighboring Tyatya and Rurui volcanoes form the 

northern part of the island. Volcanic activity in the northern part has been almost continuous 

since the Pleistocene. The geochemical compositions of the eruptive rocks vary from basaltic 

to andesitic. 

The Golovnin caldera and its pyroclastic flow deposits constitute the southern part of 

the island. Pyroclastic flow deposits of this caldera eruption contain non-welded tuffs and 
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pumice of dacitic and andesitic compositions. The caldera reaches 7 km in diameter, and 

precaldera rocks are andesites and basalts. The 14С age of the caldera eruption is 41 ka, and the 

erupted volume has been estimated at 15 km3 DRE (Bazanova et al., 2016). Postcaldera 

andesitic lava domes have been extruded in the central part of the caldera. At present, the 

volcano exhibits active fumarolic activity (Zharkov, 2020). 

The primary focus of this study revolves around Mendeleev volcano, situated near the 

center of Kunashir Island (see Fig. 2.1). The eruption under investigation, which occurred 

approximately 39-41 thousand years ago (referred to as "40 ka" hereafter), represents a 

relatively young caldera eruption. The estimated volume of erupted material amounts to 60 

cubic kilometers of dense rock equivalent (DRE) (Braitseva et al., 1995; Bazanova et al., 2016). 

Such a substantial volume of erupted material positions this eruption as one of the largest in the 

Kuril Islands throughout the Pleistocene and Holocene periods. The caldera deposits consist of 

non-welded tuffs and pumice characterized by dacitic and rhyolitic compositions. These 

pyroclastic deposits extensively cover the central part of the island, with outcrops of caldera 

eruption pyroclastic flows reaching heights of up to 15 meters. Precaldera formations consist 

of andesitic and basaltic andesite lavas. In addition to the caldera-forming eruption, several 

extrusive domes (approximately 20) have formed due to syn- and postcaldera volcanism, both 

within the 40 ka caldera and its periphery. Among these domes, Mechnikov volcano, located 

on the caldera's edge, consists of basaltic andesite and basalt, while Mendeleev volcano 

represents a recent dome situated within the caldera. 

Geophysical investigations conducted by (Zlobin et al., 1997) have provided insights 

into the crustal structure beneath Mendeleev volcano. The Moho discontinuity is identified at 

depths of approximately 22-27 kilometers. Within the crust, several domains exhibiting either 

complete or partial absence of S-waves, indicative of potential magmatic reservoirs, have been 

identified at various levels. One of these inferred partially molten domains lies directly beneath 

the modern Mendeleev volcano at depths ranging from 3 to 10 kilometers. Additionally, smaller 

domains have been detected in the lower crust and below the Moho discontinuity. These 

observations suggest the presence of a vertical series of domains with restricted wave 

propagation beneath Mendeleev volcano, interpreted as interconnected crustal magma 

reservoirs constituting part of the volcano's plumbing system. 

2.3. Sample selection and preparation 

For the present study, pyroclastic deposits of the 40 ka caldera eruption were sampled 

on the southern and western shores of Lagunnoe (Lagoon) Lake (Fig. 2.1b, red square), where 
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they have the largest outcrop thickness. The studied outcrops represent thick (5–12 m) 

sequences composed of pumice flow and pyroclastic density current deposits (Fig. 2.1c). Up to 

three pumice layers divided by finer tephra (from coarse ash to lapilli) deposits were 

documented. Pyroclastic material dominates over lithic material in the layers. Only fresh 

pumices from pumice flow deposits were collected for this study. The contact between the 

syncaldera extrusive dome and pyroclastic deposits was observed on the western shore of 

Lagunnoe Lake. A wide vitreous contact zone divides the pyroclastic deposits and the extrusive 

body, indicating that the latter was extruded after the emplacement of pyroclastic layers and, 

therefore, belongs to a syn- or postcaldera events.  

Mendeleev caldera pyroclastic deposits do not form thick exposed outcrops anywhere. 

This is attributed to the fact that most of the pyroclastic flow has gone into the sea. Kunashir 

Island in the Pleistocene was presented by several independent small volcanic islands. 

Subsequent voluminous felsic volcanism filled the straits between these islands, leading to the 

consolidation of the island. 

Samples of proximal pumice and tuffs were collected directly from caldera deposit 

outcrops located on the southwestern shore of Lagunnoe Lake (Okhotsk Sea side, 8 km north 

of the modern Mendeleev volcano). Samples of syncaldera extrusions that intruded caldera 

deposits were taken from two extrusion domes on the western shore of Lake Lagunnoe on the 

coast of Pervukhina Bay (Fig. 2.1d). Each pumice chunk was studied as a separate sample to 

minimize the possible influence of co-eruptive magma mixing, assuming that single clasts 

should be least affected by eruptive mixing (Schuraytz et al., 1989). Thin sections were made 

for petrographic analysis to study phenocryst assemblages and abundances. We collected 

several BSE photos of each sample and stitched them together to create photomicrograph 

mosaics with composite fields of view approaching 20 mm. ImageJ software 

(https://imagej.nih.gov/ij/) has been used to process the images and determine the modal 

abundances of minerals, pores, and groundmass glass. 
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Fig. 2.1. (a) Map of the Kuril–Kamchatka arc system (modified after Martynov & Martynov, 2017). 
Thick black arrows indicate direction of the Pacific plate movement. (b) Geological map (modified after 
Rotman, 2000). 1, Pleistocene basalts and andesites of the Mendeleev modern cone; 2, Pleistocene 
basalts of the Mechnikov dome; 3, Pleistocene and Holocene extrusions of rhyolite, rhyodacite, and 
dacite; 4, Pleistocene extrusion of andesite; 5, Pleistocene dacitic caldera deposit; 6, Pliocene–
Pleistocene volcanic sedimentary rocks; 7, Pliocene–Miocene and Miocene extrusions of rhyodacite 
and dacite; 8, Pliocene–Miocene and Miocene extrusions of andesitic composition; 9, Miocene and 
Miocene–Pleistocene extrusions of basalt; 10, Caldera rim (40 ka); 11, faults; 12, Sample collection 
area. R, Rurui volcano; T, Tyatya volcano; M, Mendeleev volcano; G, Golovnin volcano. (c) Photo 
shows an outcrop of caldera-forming pyroclastic f low deposits on the southern shore of Lagunnoe. A 
human for scale. (d) Photo shows several extrusive domes breaking through caldera deposits on the 
isthmus between Lagunnoe Lake and the Okhotsk Sea.  

 

2.4. Whole-rock compositions 

Compositions of pumice and extrusive rocks collected from the shore of Lagunnoe Lake 

are shown in (Fig. 2.2 a–c) and compared with other Kunashir volcanic rocks and similar 

pumice deposits from the neighboring islands of Iturup and Hokkaido. Pumices of the 40 ka 

Mendeleev caldera eruption are classified as low-K (K2O < 1.0 wt.%) dacites (SiO2 = 65–66 

wt.%) according to their major-element compositions, whereas syncaldera extrusive dome 

rocks classified as low-K rhyolites (K2O = 1.1 wt.% and SiO2 = 71–73 wt.%) (Supplementary 

Table 2.1). Both caldera pumices and syncaldera extrusions contain 13.0–14.6 wt.% of Al2O3 

and plot on or near the boundary between metaluminous and peraluminous compositions (Fig. 
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2.2b). An important feature of the pumice and syncaldera extrusion rock compositions is the 

high CaO contents (4.1–4.2 wt.% for pumice, 3.0 wt.% for dome rocks), which are almost equal 

to the total major-alkalis (Na2O + K2O = 4.4–5.2 wt.%), classifying these rocks as calcic felsic 

rocks (Fig. 2.2e). The compositions of pumices and the dome rocks exhibit similar trends, 

indicating that both may have originated from the same magmatic source (Fig. 2.2a, c-e). In 

terms of silica content, the pumices are similar to those that erupted during the Late Pleistocene 

Vetrovoy Isthmus and Lvinaya Past’ Bay events on the neighboring Iturup Island. However, 

the pumices have lower total alkali and K contents and higher aluminosity, as measured by the 

A/NK [molal Al2O3/(Na2O + K2O)] index (Fig. 2.2b). Compared with pumices from the 

Kutcharo caldera complex on Hokkaido Island, Japan, pumices from the Mendeleev caldera 

have similar SiO2 contents but substantially lower total alkali and K contents and A/NK 

aluminosity. 

 



 25 

 
Fig. 2.2. Whole-rock compositions of the modern pyroclastic deposits from Kunashir Island pyroclastic 
deposits on the Kunashir, Iturup, and Hokkaido Islands. Classification diagrams of (a) Na2O + K2O 
versus SiO2 (Bas et al., 1986), (b) A/NK versus A/CNK (Shand, 1943), (c) K2O versus SiO2 (Rickwood, 
1989), and (d and e) FeO/(FeO + MgO) versus SiO2 and MALI versus SiO2 (Frost et al., 2001). 
Compositions of Vetrovoy Isthmus caldera deposits (Iturup Island) are from (Smirnov et al., 2019), those 
for Tyatya Volcano (Kunashir Island) are from (Martynov & Martynov, 2017), those for the Kutcharo 
caldera deposits (Hokkaido Island) are from (Hoang et al., 2011), and the Golovnin caldera deposit 
compositions (Kunashir Island) are unpublished data. All data are volatile free and normalized to 100 
wt%. A/CNK = (Al2O3/101.96)/(CaO/56.08 + Na2O/61.98 + K2O/94.2); A/NK = (Al2O3 
/101.96)/(Na2O/61.98 + K2O/94.2); MALI = Na2O + K2O − CaO.  
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2.5. Mineralogy and petrography of caldera pumice and syncaldera extrusions 

Pumices from the pyroclastic deposits of the 40 ka Mendeleev caldera eruption are fresh 

gray porous rocks ranging from lapilli size up to 30–40 cm across. Pumices contain abundant 

phenocrysts and glomerophyric clots, which are set into a glassy vesicular matrix (GM) that 

contains almost no microlites. Glassy GM varies from 71 to 77 vol.% (excluding voids). 

Phenocrysts and glomerophyric assemblages constitute 23–29 vol.% of the pumices (total 

crystallinity, excluding voids) and are composed mainly of plagioclase (59–71 vol.%), 

orthopyroxene (8-14 vol.%), and clinopyroxene (10–16 vol.%), with subordinate Fe–Ti oxides 

(Ti-magnetite and ilmenite; 5–8 vol.%) and rare quartz (1–3 vol.%) (Supplementary table S2) 

Syncaldera extrusions are composed of vitreous, massive rocks that have a fluidal 

texture. The mineral assemblage of the syncaldera domes is completely derived from that of 

pumice, but the former contain more quartz. Total crystallinity for the syncaldera extrusions 

range between 31-34 vol.%. Modal abundance of plagioclase varies within 60-62 vol.% of the 

total crystallinity, orthopyroxene make up 4-7 vol.%, clinopyroxene 4-6 vol.%, Fe–Ti oxides 

2-3 vol.%, while quartz 25-27 vol.%, respectively. Differences in the modal abundances of 

extrusive domes and pumice indicate that modes of quartz increased in extrusions, whereas of 

plagioclase slightly decreased, pyroxenes and oxides decreased significantly. This indicates that 

only plagioclase and quartz crystallized at the stage of formation of syncaldera extrusions, 

which is discussed in more detail in the chapter 2.8.2. "Crystallization and magma degassing". 

2.5.1. Plagioclase compositions and textures 

Plagioclase occurs as individual phenocrysts, aggregates of phenocrysts, and inclusions 

in pyroxenes and magnetite. The most common size of plagioclase crystals is ~0.5–2 mm. 

Phenocrysts larger than 2 mm are rare. 

Phenocrysts are usually euhedral and display complex zoning that is typically concentric 

and patchy. The combination of these patterns defines three types of plagioclase crystal: (I) 

patchy crystals, (II) concentric/oscillatory-zoned crystals, and (III) complex crystals with 

patchy core and concentric outer parts. 

The patchy pattern of type I crystals is shown in SEM BSE images (Fig. 2.3b–e) and 

comprises irregularly distributed roughly rectangular patches. These patches are both dark and 

light in SEM BSE images. Dark patches have andesine composition with An mol% = 50–58, 

whereas light patches vary from bytownite to anorthite (An mol% = 84–94). Plagioclase 

phenocrysts with oscillatory concentric growth patterns (type II crystals) dominate the mineral 
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assemblage (Fig. 2.3a). Different zones of such crystals vary irregularly within An mol% = 41–

60. Very rarely we have observed non-patchy normally zoned crystals with cores of An mol% 

80-83 and rims of An mol% 48–58. Phenocrysts with complex zoning (type III crystals) have 

a patchy core similar to type I crystals and oscillatory outer rims similar to type II crystals. In 

some cases, the cores of phenocrysts with complex zoning preserve crystallographic outlines. 

The composition of plagioclase at the boundary between the outer and inner parts of crystals 

changes abruptly from An mol% = 84–81 to An mol% = 65–52 (Fig. 2.3b–d). The outermost 

concentric zones of the plagioclase phenocrysts always have An mol% = 48–58. 

Patchy (type I) plagioclases tend to host considerably more inclusions compared with 

the other two types. Inclusions of clinopyroxene, Ti-magnetite, and rare orthopyroxene are 

found in the low-Ca (dark) domains (Fig. 2.3d–e) of patchy crystals. Inclusions of very rare 

clinopyroxene, rare magnetite crystals, and extremely rare amphiboles (<2–3 μm) are found in 

the high-Ca domains. As a rule, oscillatory-zoned plagioclases contain fewer inclusions than 

patchy plagioclases, even where both are observed in the same type III crystals. Oscillatory-

zoned plagioclase hosts rare inclusions of apatite, ortho- and clinopyroxene, magnetite, and 

ilmenite. The number of inclusions decreases outward with decreasing content of Ca in the host 

plagioclase.  

 
Fig. 2.3. BSE images of plagioclase phenocrysts: (a) Plagioclase with low-contrast zoning (Type I); (b–
d) combination of patchy and concentric growth zonation in plagioclase (Type III); (e) zoomed image 
of the central part of the plagioclase phenocryst from image (d), showing the confinement of inclusions 
to andesine patches; (f) histogram of plagioclase compositions. An mol% = [XCa /(XCa + XNa + XK 
)×100]. Cpx, clinopyroxene; Mgt, Magnetite; MIs, melt inclusions; GM glass, groundmass glass.  
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Plagioclase phenocrysts contain ubiquitous inclusions of parental melts both in cores 

and outer rims. Many phenocrysts host primary fluid inclusions, most of which are confined to 

patchy cores. Qualitative study by Raman spectroscopy revealed that these inclusions at room 

temperature consist of aqueous liquid and rarely low-density CO2 vapor (< 0.015 g/cm3), 

determined based on the splitting of the Fermi diad (Mironov et al., 2020).  

2.5.2. Clinopyroxene 

Clinopyroxene forms individual euhedral and subhedral crystals (Fig. 2.4a) and clusters 

with Fe–Ti oxides, plagioclase, and orthopyroxene. The clinopyroxene is classified as augite, 

with Mg# = 71–78 (Fig. 2.5a) (Morimoto, 1988). The composition of clinopyroxene varies in 

a narrow range (Wo42–45En39–44Fs12–16). Clinopyroxene phenocrysts do not show significant 

compositional variations. Mg# values typically vary by only 1-3 units in an individual crystal. 

Mg# is positively correlated with SiO2 content (51.0–53.7 wt.%) and inversely with Al2O3 (0.9–

2.6 wt.%) and TiO2 (0.1–0.6 wt.%). 

Augite inclusions are abundant in the patchy plagioclase, but rare in other minerals. All 

clinopyroxene inclusions exhibit a composition similar to that of the phenocrysts. The prevalent 

mineral inclusions within augite are plagioclase, magnetite, ilmenite, orthopyroxene, 

amphibole, and apatite. Augite, plagioclase (An mol% = 45-86), and magnetite often form 

glomerophyric clots, which are widely distributed. Clinopyroxene within these clots typically 

contain numerous inclusions of amphibole, orthopyroxene, and rhyolitic glass. It is worth 

noting that augite originating from clots contains a higher abundance of amphibole inclusions 

in comparison to augite phenocrysts. The compositions of orthopyroxene inclusions within 

augite are same to those observed in orthopyroxene phenocrysts. 

The most common mineral inclusions in augite are plagioclase, magnetite, ilmenite, 

orthopyroxene, amphibole, and apatite. Glomerophyric clots of augite, plagioclase (An mol% 

= 45–86), and magnetite are ubiquitous. Clinopyroxene in such clots typically contains 

abundant inclusions of amphibole and orthopyroxene together with rhyolitic glass. It is 

observed that augite from clots contains more amphibole inclusions compared with augite 

phenocrysts. The compositions of orthopyroxene inclusions in augite are similar to those of 

orthopyroxene phenocrysts.  

2.5.3. Orthopyroxene 



 29 

Orthopyroxene forms euhedral crystals measuring up to 2 mm in size (Fig. 2.4b). 

According to the IMA classification, the orthopyroxene compositions fall into the enstatite field 

(Wo2–4En63–69Fs29–34; Fig. 2.5a; Morimoto, 1988), with Mg# 65–74. The majority of 

orthopyroxene phenocrysts have homogeneous Mg-hypersthene compositions without zoning 

pattern, and only few crystals have weak normal zoning with a difference between core and rim 

no more than 5 Mg# units. Mg# values are positively correlated with SiO2 (51.7–54.5 wt.%) 

and inversely with MnO (0.6–1.5 wt.%). The Al2O3 (0.5–1.7 wt.%) and TiO2 (0.1–0.3 wt.%) 

contents of the enstatite are poorly correlated with Mg#. 

The prevalent mineral inclusions within hypersthene consist mainly of apatite, 

plagioclase (with An mol% ranging from 56 to 81), magnetite, and ilmenite. Inclusions of 

clinopyroxene within orthopyroxene are infrequent and demonstrate a composition similar to 

that of augite phenocrysts (characterized by Mg# values of 73-75) as well as inclusions present 

in plagioclase. Notably, orthopyroxene often forms clots with plagioclase and augite. While 

irregular amphibole inclusions are found in the orthopyroxene, their prevalence is notably lower 

compared to their occurrence in clinopyroxene. Similarly to plagioclase pyroxene phenocrysts 

host abundant inclusions of parental rhyolitic melts and primary fluid inclusions.  

 
Fig. 2.4. BSE images of the pyroxene phenocrysts: (a and b) Euhedral crystals of augite and enstatite 
set in groundmass glass; (c) augite phenocryst with enstatite and melt inclusions; (d) plagioclase–
enstatite–augite clot; (e) zoomed image of augite phenocryst from panel (d) showing inclusions of Mg-
hornblende amphibole together with rhyolitic melt and enstatite; (f) Histograms of pyroxene 
composition. Mg#=[XMg/(XMg+XFe)×100]. Cpx, clinopyroxene; Opx, orthopyroxene; Plag, 
plagioclase; Mgt, magnetite; Amph, amphibole.  
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2.5.4. Amphibole relics 

No instances of amphibole phenocrysts were identified within the examined pumice and 

extrusive dome rocks from the syncaldera. Instead, amphibole is exclusively found as 

inclusions within the minerals from clots, and most abundant in augite (Mg# of 72-77 and Al2O3 

content ranging from 1.1% to 2.9%). These amphibole inclusions exhibit melted, anhedral 

shapes and are commonly found alongside glass inclusions (with SiO2 content ranging from 

74% to 76%) and hypersthene inclusions (with Mg# ranging from 67 to 71). The morphology 

of these amphibole inclusions, combined with their occurrence within a clinopyroxene, 

orthopyroxene, plagioclase cores, and Fe-Ti oxide, strongly suggests that these inclusions are 

vestiges of previously stable amphibole. In less frequent cases, amphibole is encased within 

orthopyroxene (with Mg# of 68-74) and within high-calcium zones of plagiolcase (An mol% 

ranging from 82 to 89). These inclusions also often coexist with glass inclusions and can vary 

from anhedral to more well-defined shapes. The majority of amphibole compositions align with 

magnesio-ferri-hornblende compositions (as illustrated in Figure 2.5b), exhibiting Mg# values 

between 63 and 74, Al2O3 content ranging from 6.52% to 11.52%, and Na2O content ranging 

from 1.27% to 2.19%. 

 
Fig. 2.5. Compositions of mafic minerals in the Mendeleev pumice: (a) Classification of pyroxenes 
according to (Morimoto, 1988); (b) classification of amphiboles following (Hawthorne et al., 2012); (c) 
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compositions of amphibole inclusions from pyroxenes. Ed, edenite; Prg, pargasite; Sdg, sadanagaite; 
Tr, tremolite; Mg-Hbl, magnesio-hornblende; Ts, tschermakite.  
 

2.5.5. Quartz 

Quartz typically forms small (<200 μm), rounded phenocrysts set in GM glass. The 

quartz is usually free of mineral inclusions and rarely contains apatite needles. Quartz does not 

cluster with other phenocrysts. It contains abundant inclusions of parental melts. Fluid 

inclusions have never been found even at most thorough microscopic examination. 

2.5.6. Fe–Ti oxides 

Titanomagnetite and ilmenite crystals are euhedral and have sizes of up to 500 µm. 

Ilmenite is much rarer than magnetite. Fe–Ti oxides occur as phenocrysts and as inclusions in 

other minerals. Titanomagnetite and ilmenite are commonly included within the same growth 

zones in pyroxenes and less commonly in plagioclase. In some cases, titanomagnetite and 

ilmenite form clusters with pyroxenes. Pairs of intergrowing titanomagnetite and ilmenite 

crystals are rare. Titanomagnetite contains abundant inclusions of apatite, plagioclase, and rare 

Fe-sulfides. 

The mutual inclusion of Fe-Ti oxides and the ubiquitous intergrowths of ilmenite and 

titanomagnetite indicate that their crystallization was simultaneous. All of the studied magnetite 

and ilmenite grains are chemically homogeneous. The compositions of the studied Fe–Ti oxides 

are typical of arc dacites. Titanomagnetite contains 7.5–8.4 wt.% TiO2. The main impurities in 

titanomagnetite include Al2O3, V2O3, MnO, MgO, Cr2O3, and NiO, the contents of which do 

not exceed the limit of detection in some cases. The main impurities in ilmenite include MgO, 

MnO, Al2O3, and V2O3.  

2.6. Melt inclusions and groundmass glass 

All of the studied minerals contain inclusions of glass. Some of them  are sealed 

microportions of the parental melts, trapped by minerals during their growth, and they are 

termed “melt inclusions” (MIs). Others form embayed protrusions of the GM glass into 

magmatic crystals. 

In phenocrysts, MIs are distributed either along polygonal growth zones or as compact 

groups of irregularly scattered inclusions. At room temperature, most MIs consist of transparent 

colorless or brownish glass only. Less commonly, they contain single or multiple shrinkage 

bubbles. Only bubble- and crystal free MIs were selected for compositional analyses.  
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Harker diagrams (Fig. 2.6a–d) can be used to constrain the extent of post-entrapment 

host-mineral crystallization (PEC) on inclusion walls. The selected elements have variable 

compatibility with host pyroxenes and plagioclase. When a material that is similar to a 

particular host mineral is deposited on inclusion walls, the composition of the trapped melt 

changes in a way, which is specific for this mineral only. Thus, inclusions in different minerals 

subjected to significant PEC should form different compositional trends intersecting at the 

composition of the trapped melt (Roedder, 1984). For example, PEC in pyroxene-hosted MIs 

would result in a shift to very low MgO contents with little change in Al2O3, whereas PEC in 

plagioclase-hosted MIs would lead to a decrease in Al2O3 and a slight increase in MgO, 

producing different trends. (Fig. 2.6a–d) reveals that the compositions of the inclusions form 

similar trends where contents vary within narrow ranges. Thus, PEC should be considered 

negligible, meaning that the observed compositional variations MIs can be explained by 

common regularities of magma crystallization in the reservoir rather than PEC processes. Thus, 

none of the studied MIs display any evidence of PEC on inclusion walls.  

In some cases, MIs in pyroxene, plagioclase, or Fe–Ti oxide minerals contain crystals 

of other minerals (apatite, clinopyroxene, orthopyroxene, plagioclase, and magnetite). All of 

these minerals occur as individual inclusions in the host mineral, and their compositions are 

similar to those of the phenocrystal and glomerophyric mineral assemblages. The similarity of 

minerals in MIs and host mineral indicates that all of the reported mineral phases are foreign 

and were trapped simultaneously with the melt. The insignificant PEC allows the composition 

of the glass of the naturally quenched vitreous MIs to be regarded as an adequate proxy for the 

composition of the parental melt of the phenocryst minerals. 
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Fig. 2.6. Harker diagrams for the 40 ka Mendeleev pumice MIs. The diagrams show that the chemistry 
of MIs is independent of the host mineral. Black arrows show the directions of trapped melt evolution 
owing to PEC in the plagioclase- and pyroxene-hosted melt inclusions. All contents are recalculated on 
a volatile-free basis and normalized to 100 wt%.  

 

Major-element compositions for MIs are displayed in Figure 2.7 and reported in (Kotov 

et al., 2023). The compositions of MIs differ from those of the bulk rock for all major elements. 

The MIs correspond to low-K rhyolite, with Na2O + K2O of 4.2–6.2 wt.%, Al2O3 of 12.2–14.5 

wt.%, and SiO2 of 74.0–78.4 wt.% (anhydrous). The MIs from different pumice minerals are 

compositionally similar, which is consistent with a lack of PEC influence on glass 

compositions. The MI compositions from different pumice samples are also similar, indicating 

chemical homogeneity of the magma throughout the sampled sequence. It should also be noted 

that the compositions of MIs trapped together with amphibole relics do not differ from those of 

other MIs. 

GM glass is classified as low-K rhyolite, similar to the glass of MIs. Na2O + K2O varies 

from 4.8 to 6.6 wt.% and SiO2 from 74.7 to 78.2 wt.% (anhydrous; Fig. 2.7b). The compositions 

of GM glass overlap the less aluminous range of MI glass, and some of them have even lower 

aluminosity than MIs (Fig. 2.7a). The major-alkali contents of the GM glass are comparable to 
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those of bulk rocks. The Na2O contents of the GM glass are close to the highest measured in 

MIs, whereas K2O corresponds to intermediate contents in the MIs (Fig. 2.7g and h). Contents 

of femic components in GM glass correspond to lower to intermediate concentrations measured 

in MI glass (Fig. 2.7c–f).  

 
Fig. 2. 7. Variations in major-element contents of MIs. All data are plotted volatile free, summed to 100 
wt%.  
2.7. Volatile contents of melt inclusions 

Contents of volatile elements (H2O, CO2, P2O5, S, F, and Cl) in the MI glass from 

pumices were measured using SIMS. Analytical procedure, standard analysis and errors 

provided in supplementary materials. For comparison, we provide several analyses of GM glass 

from syncaldera extrusions (Fig. 2.8a–d). H2O dominates among volatile species in MIs in 

plagioclases and pyroxenes and varies from 4.2 to 5.8 wt.%. Chlorine contents vary within 

0.15–0.25 wt.% and are positively correlated with F contents, which range from 383 to 483 

ppm. Variations in H2O, Cl, and F are generally greater in MIs hosted in plagioclase relative to 

those hosted in other minerals. 
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Contents of other magmatic volatiles are substantially lower than those reported above 

for H2O, Cl, and F. Contents of phosphorus and sulfur are similar (109–279 and 69–179 ppm, 

respectively), and CO2 contents are negligible (<14 ppm). 

Volatile contents of the quartz-hosted MIs and GM glass of the syncaldera extrusions 

differ from those of MIs in plagioclase and pyroxene phenocrysts. The H2O contents in quartz-

hosted MIs are lower than those in plagioclase- and pyroxene-hosted MIs and vary from 3.28 

to 4.14 wt.%. H2O contents in the GM glass are even lower at 0.57 wt.%. Chlorine contents in 

quartz-hosted MIs (0.22–0.24 wt.%) are similar to those in plagioclase- and pyroxene-hosted 

MIs, whereas the syncaldera extruions GM glass is slightly depleted in Cl (0.15–0.16 wt.%) 

compared with all MIs. Contents of H2O and chlorine are positively correlated for all of the 

studied glasses. Fluorine contents in the quartz-hosted MIs and syncaldera extrusions GM glass 

are similar at 449–502 and 472–497 ppm, respectively.  

Similar to plagioclase- and pyroxene-hosted MIs, the contents of other volatiles in 

quartz-hosted MIs and syncaldera GM are lower than those of H2O, Cl, and F. However, the 

quartz-hosted MIs and GM glass are enriched in phosphorus, with contents of P varying from 

165 to 168 ppm in quartz-hosted MIs and from 183 to 188 ppm in syncaldera dome rock GM. 

The quartz-hosted MIs contain 11–17 ppm CO2 and 45–52 ppm S. In the dome rock 

glass, these volatiles fall close to or below the detection limits of SIMS. Phosphorus contents 

are positively correlated with both Cl and F contents. In general, the volatile contents of 

Mendeleev MIs are similar to those of high-Si MIs from the SW Hokkaido–SE Kuril felsic 

volcanoes. On average, rhyolitic MIs in dacites of this region have 3–7 wt.% H2O (mean 4.5–

5 wt.%), very low CO2 and S contents (<50 and <250 ppm, respectively), 0.1–0.4 wt.% Cl, and 

up to 0.18 wt.% F (Miyagi et al., 2012; Smirnov et al., 2019; Kotov et al., 2021). Data from 

(Miyagi et al., 2012) data suggest that rhyolite MIs from Kutcharo–Mashu caldera complex 

(Hokkaido Island) have a somewhat wider range of halogens relative to the rhyolites of the 

southern Kurils. 
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Fig. 2.8. (a–d) Diagrams of volatile compositions of MIs in pumice minerals and GM glass of syncaldera 
extrusive domes. Isobars and isopleths for CO2 versus H2O were plotted using VolatileCalc 2.0 (Newman 
& Lowenstern, 2002) for 850◦C (average temperature for MI formation based on mineral-liquid 
thermometry, see paragraph ‘Pressure, temperature, and redox properties of the pre-eruptive magma’).  
2.8. Discussion  

2.8.1. Mineral assemblages and pre-eruptive melt compositions 

To describe a sequence of crystallization of the mineral assemblage we will use a two-

stage model based on the observation of mineral zoning and mutual occurrence of minerals in 

each other in the form of mineral inclusions: 1) an “early” assemblage includes patchy 

plagioclase, clino- and orthopyroxene, Fe-Ti oxides and relics of amphibole in pyroxenes and 

plagioclase cores; 2) a “late” assemblage includes quartz and plagioclase with An mol% 50-60 

(Kotov et al., 2023) 

Crystallization of plagioclase starts from An mol% = ~55 and is subsequently replaced 

by plagioclase with An mol% of up to 80–94. This replacement leads to the formation of 

plagioclase crystals with patchy texture. The composition of plagioclase at the boundary 

between the outer part and such patchy cores changes abruptly from An mol% = 84–81 to  65–

52 (Fig. 2.3b–d). In later growth zones anorthite content decreases gradually outward to 60–50 
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An mol% and normal oscillatory zoning forms. The An mol% of the latest-formed plagioclase 

varies from 50 to 60.  

The mineral zoning observed in plagioclase offers valuable insights into the sequence of 

events leading up to the eruption of the Mendeleev caldera 40 thousand years ago. The initial 

formation of andesine (An mol% 50-58) occurred concurrently with augite, hypersthene, and 

Fe-Ti oxides. However, the exact nature and origin of this mineral assemblage remain uncertain. 

While these minerals are typically interpreted as the earliest products of magma solidification, 

the possibility of an external source cannot be ruled out. The early plagioclase assemblage 

underwent destabilization and was subsequently replaced by more calcic plagioclase, as 

previously described. During this stage, plagioclase was found in association with augite, 

enstatite, and remnants of Mg-hornblende. These remnants were also observed within high-Ca 

plagioclase growth zones. This association can be explained by the dehydration reaction of 

amphibole and subsequent breakdown, resulting in the formation of a mineral assemblage 

consisting of plagioclase, clinopyroxene, and orthopyroxene. Such an assemblage is commonly 

observed during partial melting of amphibole-bearing substrates (Blatter et al., 2017; Smirnov 

et al., 2019; Kotov et al., 2023). 

In this context, two pyroxenes and plagioclase can be considered as residual phases 

resulting from the reaction, as they did not directly crystallize from the melt. The uniform 

compositions of the pyroxene crystals and the high-silica rhyolitic composition of the MI glass 

support this interpretation. The significance of amphibole in the formation of the 40 ka 

Mendeleev magma is discussed in more detail in the following section titled "Amphibole relics 

as evidence of magma genesis" (section 2.8.4). 

The mineral compositions observed in the pumices of the 40 ka Mendeleev caldera 

eruption exhibit similarities to those described for the 20 ka dacitic pumices found on Iturup 

Island’s Vetrovoy Isthmus. In a publication of (Smirnov et al., 2019), an initial assemblage 

consisting of two pyroxenes and early-stage plagioclase, followed by a subsequent assemblage 

of late-stage plagioclase and quartz, was identified. The phenocryst mineral assemblage in the 

40 ka Mendeleev dacitic pumices closely corresponds to the early-stage assemblage found in 

the Vetrovoy Isthmus pumices. However, the occurrence of the later quartz-plagioclase 

assemblage in the 40 ka Mendeleev pumices is relatively rare compared to the 20 ka Vetrovoy 

Isthmus pumices. This observation suggests that a two-step sequence of phenocryst 

crystallization may be a common feature in magma reservoirs associated with caldera-forming 

eruptions in the southern Kuril Island Arc.  
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Our data indicates that the pre-eruptive magma of the 40 ka Mendeleev caldera eruption 

consisted of a mixture of residual minerals, minerals formed from the melt, and low-K 

peraluminous to metaluminous calc-alkaline rhyolitic melts. The Harker diagrams in Figure 6 

exhibit a significant positive correlation between CaO and Al2O3, while a weaker negative 

correlation is observed between Na2O and Al2O3. On the other hand, the variations in MgO and 

FeO relative to Al2O3 do not show distinct patterns. Among these elements, Al2O3 demonstrates 

the most significant variation in content and can be used as an indicator of the progression of 

crystallization. Figure 2.6 illustrates that Al2O3 content decreases as crystallization advances 

towards a GM (glass-matrix) composition. The correlations between Al2O3 with CaO and 

Na2O, and the lack of correlations with FeO and MgO, suggest that the melt composition was 

primarily influenced by plagioclase crystallization and minimally affected by pyroxene 

crystallization. This interpretation aligns with the identification of a later assemblage of 

phenocrysts (late plagioclase and quartz) that formed directly from the melt without undergoing 

any reactive processes.Narrow ranges of compositional variations indicate that most of the 

studied minerals formed as a result of amphibole breakdown or direct crystallization from the 

melt, which was cogenetic with the rhyolitic melt represented by Mis. The compositional 

homogeneity of femic minerals and the uniform rhyolitic compositions of Mis in both the early 

(reactional) and late minerals show that fractional crystallization and derivation of felsic melts 

from mafic magmas were unimportant in the formation of magma involved in the 40 ka 

Mendeleev caldera eruption. Possible alternative scenarios of magma generation are discussed 

below. 

2.8.2. Crystallization and magma degassing 

The correlations between H2O and major elements provide insights into the relationship 

between degassing and magma crystallization during different stages of magmatic evolution. 

In cases where extensive degassing is driven by decompression during crystallization, H2O 

contents should exhibit a positive correlation with compatible elements but a negative 

correlation with incompatible elements (e.g., Wallace & Anderson, 1998; Lloyd et al., 2012; 

Barth et al., 2019; Barth & Plank, 2021). Figure 2.9 illustrates the covariations of major 

elements with H2O for scenarios involving isobaric crystallization of water-saturated melts, 

isobaric crystallization of water-undersaturated melts, and rapid syneruptive degassing, 

following the work of (Blundy & Cashman, 2005). 

Figure 2.9 reveals that the crystallization of plagioclase and pyroxenes was accompanied 

by slight decompression and degassing, consistent with our interpretation that the magmatic 
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system involved in the generation of the 40 ka Mendeleev caldera dacitic magma was extending 

to depth. The decrease in H2O content alongside decreasing CaO and MgO contents aligns with 

the simultaneous crystallization of plagioclase and pyroxene. The weak positive correlation 

between H2O and P2O5 can be attributed to extensive crystallization of apatite. However, this 

correlation might be apparent due to the wide range of H2O contents and low phosphorus 

contents present in the initial melts. 

Generally, a negative correlation between H2O and K2O is expected in degassing 

magma, as K is typically incompatible in arc-front magmas. However, this anticipated 

correlation is not evident in the presented data (Fig. 2.9e). Upon examining Figure 2.7h, it 

becomes apparent that the K2O contents of MIs and GM glass do not show significant 

differences. The lack of an H2O-K2O correlation can be attributed to the distinct compatibility 

of K with respect to the major pumice minerals, namely pyroxene and plagioclase. While 

potassium tends to be incompatible with pyroxene and high-Ca plagioclase, its compatibility 

increases as the Ca content of plagioclase decreases during the late stages of pre-eruptive 

magma crystallization. This trend likely masks the initially expected negative correlation 

between H2O and K2O. Consequently, absolute variations in K2O in a melt in this case should 

be relatively small, as any increase in K2O due to pyroxene crystallization will be offset, or 

even exceeded, by its incorporation within plagioclase as the Ca content decreases. 

The presence of primary fluid inclusions in the pumice plagioclase and clinopyroxene suggests 

that the 40 ka Mendeleev caldera magma was already saturated with H2O during pre-eruptive 

crystallization. Moreover, the slight decrease in H2O contents indicates that the magma 

experienced a gradual degassing due to slight decompression during the late stage of 

crystallization.
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Fig. 2.9. Variation in dissolved H2O versus (a) SiO2, (b) CaO, (c) MgO, (d) P2O5, and  K2O 

contents for the MIs and syncaldera extrusion dome rock groundmass glass. Arrows show the 

main trends expected from different crystallization mechanisms (Blundy & Cashman, 2005).  

The H2O contents of quartz-hosted MIs and GM glass in syncaldera dome rocks exhibit 

lower values compared to those found in MIs from plagioclase and pyroxenes. This observation 

is consistent with the knowledge that quartz typically crystallizes during the later stages of pre-

eruptive magma evolution, and it tends to be more abundant in syneruptive lava domes while 

being less prevalent in the pumices. As a result, the compositions of quartz-hosted MIs can 

serve as a representation of the latest stage of pre-eruptive melts, whereas the GM glass in dome 

rocks can be indicative of syneruptive melts. Figure 2.9 demonstrates that the quartz-hosted 

MIs generally align with the low-H2O end of the compositional trend observed in MIs across 
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all minerals. This evidence of late-stage degassing may also provide an explanation for the 

transition from an explosive to an effusive style of eruption (Popa et al., 2021). 

Contents of H2O in the GM glass of the syncaldera extrusive domes are markedly lower 

than those in quartz-hosted MIs. These lower H2O at similar SiO2 contents suggest syneruptive 

degassing that was not accompanied by substantial crystallization. In this case, the MIs in quartz 

record the increase in the decompression rate that precedes the syneruptive degassing indicated 

by the depletion of H2O in the GM glass of syncaldera extrusions. 

2.8.3. Pressure, temperature, and redox properties of the pre-eruptive magma 

The observed mineral assemblages, formed either due to amphibole breakdown or direct 

crystallization from melts, provide valuable insights into estimating the parameters (pressure, 

temperature, and oxygen fugacity) of the stored magma before the 40 ka Mendeleev caldera 

eruption. 

To determine the temperature and oxygen fugacity, we used thermo-oxybarometers 

proposed by (Ghiorso & Evans, 2008) and (Andersen & Lindsley, 1985) for Fe–Ti oxide pairs. 

We also employed clinopyroxene–orthopyroxene and plagioclase–melt pairs to estimate 

temperature (Putirka, 2008). Mineral–liquid thermometry utilized only MIs with known H2O 

contents, assessed using SIMS, and a pressure of 1 kilobar was assumed for temperature 

calculations. 

Fe–Ti oxide equilibrium tests confirmed that the applied thermo-oxybarometers 

produced comparable results for both contacting or intergrowing pairs of Ti-magnetite and 

ilmenite, as well as inclusions of these minerals closely spaced within the same growth zone of 

pyroxene and plagioclase. The temperatures calculated using the models of (Ghiorso & Evans, 

2008) and (Andersen & Lindsley, 1985) indicated equilibrium at 850–885 °C and an fO2 of 

0.85–1.05 log units above the nickel–nickel oxide (NNO) buffer, and at 860–873 °C and an fO2 

of 1.05–1.23 log units above the NNO buffer, respectively.  

The two-pyroxene thermometer of (Putirka, 2008) was applied to contacting pairs of 

pyroxene crystals. Calculations yielded a temperature range of 830–890 °C (equation 36 of 

Putirka, 2008, with ±45 °C uncertainty). Kd (Fe–Mg) varies within 0.61–0.75, which falls 

within the confidence interval for subsolidus systems (Putirka, 2008). 

Plagioclase–liquid mineral thermometry (Putirka, 2008) was based on the MI 

compositions and corresponding host plagioclase compositions and yielded equilibrium 

temperatures ranging from 835 to 879 °C (equation 24a of (Putirka, 2008), with ±36 °C 
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uncertainty). Despite wide variations in plagioclase compositions, we did not observe obvious 

dependence between temperature and the location of MIs in the specific growth zone of the host 

plagioclase. 

The equilibrium temperatures calculated using the different approaches show that the 

formation of reaction-derived minerals and crystallization in the magma reservoir occurred 

within a temperature range of 830–890 °C.  

Despite the presence of MIs in ortho- and clinopyroxenes, we did not apply pyroxene-

liquid thermometers in this paper. Unlike the other thermometers, clinopyroxene-liquid and 

orthopyroxene-liquid ones do not pass the test of equilibrium between pyroxene and liquid 

(Rhodes et al., 1979). This might be additional evidence for the reactional nature of pyroxenes 

which is discussed above. 

The pressue in the magma reservoir can be determined using solubility models for 

volatile species. The coupled solubility of H2O and CO2, which are two major volatile 

components, is typically used to estimate saturation pressure. In this study, we used the 

VolatileCalc 2.0 model (Newman & Lowenstern, 2002) of H2O-CO2 coupled solubility in 

rhyolitic melts. All pressures were calculated at a nominal temperature of 850 °C as a realistic 

average temperature estimated as described above. Saturation pressure was estimated at 116–

195 MPa for the MIs in plagioclase and pyroxenes, 77–116 MPa for the MIs in quartz, and 2.9 

MPa for the H2O-poor GM glass of syncaldera extrusive domes. Pressure estimations for the 

MIs should be considered as a minimum possible pressure for the 40 ka Mendeleev stored 

magma because of the presence of other volatiles (CO2, S, F, and Cl) and possible fluid 

saturation. Fluid saturation in the magmatic reservoir is confirmed by H2O-rich fluid inclusions 

found in plagioclase cores and clinopyroxene. Such fluid inclusions were trapped 

simultaneously with MIs and serve as an argument for fluid saturation and magma degassing. 

The identified mutuality between H2O and major elements (see the section above 2.8.2 

entitled “Crystallization and magma degassing”) is in good agreement with estimations of 

pressure in the 40 ka Mendeleev caldera magma reservoir. Pressure variations coincide with a 

gradual decrease in H2O contents, confirming slight decompression and degassing. Here, we 

estimate the depth of the magmatic chamber based on the average crustal density of Kunashir 

Island of 2600 kg/m3 (Nakanishi et al., 2009). Pressure estimations for the MIs in quartz (77–

116 MPa) correspond to a depth range of 3.0–4.5 km, whereas those for plagioclase- and 

pyroxene-hosted MIs suggest depths at level 4.5–7.6 km. As we show below in the section 2.8.4 
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entitled “Amphibole relics as evidence of magma genesis”, amphibole breakdown probably 

occurred at depths of up to 12.3 km. All of these depth estimations and variations in volatile 

and major-element contents in MIs can be explained either by the ascent of partial melts from 

their source to the reservoir at a depth of 4.5–7.6 km and simultaneous segregation of eruptible 

magma at a depth of 3–4.5 km, or by partial rupture of the magma chamber without a major 

eruption. Such a model suggests that the caldera eruption was related to a magmatic plumbing 

system that extended to the entire thickness of the upper crust. Moreover, assuming that quartz 

phenocrysts crystallized from the melts in the main magma reservoir immediately before the 

caldera-forming eruption and thus recorded more extensive decompression, we interpret that 

the difference between pressure estimations for MIs in quartz and the GM glass of syncaldera 

extrusion dome rocks can be regarded as overpressurization specific to water-saturated magma 

in the sealed magma reservoir (Kotov et al., 2023).  

Therefore, the depth of the stored eruptible magma for the 40 ka Mendeleev caldera-

forming event can be roughly estimated as 3.0–4.5 km below surface level. The power of this 

eruption event was probably controlled by the inferred overpressurization. The marked 

reduction in water content of the magma before syncaldera dome extrusion implies more 

extensive decompression of the stored magma, which could have been caused by massive 

destruction of the reservoir roof, leading to a major eruption event. 

 
Fig. 2.10. (a) Ranges of temperatures estimated using the two-pyroxene thermometer of (Putirka, 2008), 
Fe–Ti oxides using the models of (Ghiorso & Evans, 2008) and (Andersen & Lindsley, 1985), and the 
plagioclase–liquid thermometer of (Putirka, 2008). (b) Ranges of H2O-CO2 saturation pressure for 
melts, calculated by VolatileCalc 2.0 (Newman & Lowenstern, 2002) and pressure estimation for 



 44 

amphibole relics using (Ridolfi, 2021). Depth calculated using crustal density of Kunashir Island of 
2600 kg/m3 (Nakanishi et al., 2009)  
 

Estimated H2O contents and P–T–fO2 ranges for the 40 ka Mendeleev caldera stored 

magma prior to eruption are comparable to those determined for the 20 ka Vetrovoy Isthmus 

eruption (Smirnov et al., 2019), and both pressure estimates are close to the preferred pressure 

for eruptible stored magma of 200 ± 50 MPa derived from thermomechanical modeling of 

stored magma dynamics by (Huber et al., 2019). Those estimations of pre-eruption H2O 

contents in the 40 ka Mendeleev caldera magma are comparable to the estimations of (Popa et 

al., 2021) of H2O contents promoting explosive eruptions corresponding to the crystallinity of 

Mendeleev pumice. The similarity of the Mendeleev and Vetrovoy Isthmus calderas suggests 

that the P–T conditions of stored magma for massive dacitic magma eruptions in the southern 

Kuril Island Arc may be regionally consistent, indicating a common regional process resulting 

in series of powerful explosions associated with the formation of large calderas and thick 

pyroclastic flow deposits. 

2.8.4. Amphibole relics as evidence of magma genesis 

Interpretations of the origin of island-arc dacitic magmas usually balance between two 

contrasting scenarios: fractional crystallization of primitive or contaminated deep mafic 

magma, or partial melting of arc crust. Fractional crystallization of primitive mantle magmas 

should produce andesitic melts with a high silica content (e.g., Gill, 1981; Grove et al., 2003). 

The appearance of more felsic magmas requires particular conditions, i.e., high crystallinity and 

low H2O contents of the initial magma charge (Whitaker et al., 2008; Erdmann & Koepke, 

2016). Primitive magmas are usually H2O rich, whereas the high degree of their crystallinity 

(>90%) should hinder separation of viscous felsic liquids from the fractionating magma batch 

(Vigneresse et al., 1996). The assimilation of aluminosilicate sedimentary or metamorphic 

rocks or mixing of primitive mantle magma with silica-rich crustal melts may lead to an 

increase in the initial SiO2 content of the contaminated magma charge and cause higher SiO2 

contents at lower degrees of crystallinity. Nevertheless, the felsic compositions of the earliest 

MIs in pyroxenes can be considered as sufficient evidence against crystallization from primitive 

or contaminated mafic or andesitic melts. 

Although pyroxenes are abundant among the Mendeleev pumice phenocrysts, the 

observed compositional variations of the melt are controlled mostly by the crystallization of 

plagioclase, as demonstrated above. Augite and enstatite are most likely the products of 
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amphibole breakdown, which is common in anatectic melt generation within a pressure range 

of 0.1–1.0 GPa (Beard & Lofgren, 1991; Rapp & Watson, 1995; Vielzeuf & Schmidt, 2001). 

Amphibole can be an indicator of magmatic crystallization conditions, as its occurrence 

in the mineral assemblage is strictly controlled by T–P–XH2O. The mineral assemblages of the 

40 ka Mendeleev pumice contain amphibole only as relics in pyroxene and plagioclase, in some 

cases together with trapped rhyolitic melt. The composition of this melt (Figs 2.7 and 2.11) is 

similar to the composition of the ordinary MIs in all other minerals and the GM glass. The 

corroded and intricate morphologies of amphibole relics in augite and plagioclase (Fig. 4e) 

clearly indicate that the amphibole was either partially melted prior to entrapment or replaced 

by the host mineral. Contacts between amphibole relics and attached glass are sharp and lack 

reaction rims, as have also been shown, for example, in the case of Mount St. Helens 

(Rutherford & Hill, 1993), where amphibole has reaction rims only at the contact with melt. 

Amphibole relics evidencing its disequilibrium during pre-eruptive magma storage have been 

commonly observed in dacitic pumices formed by large explosive events in the NE Japan–SW 

Kuril region (e.g., Miyagi et al., 2012; Smirnov et al., 2019). 

To evaluate the disequilibrium between coexisting rhyolitic melt and amphibole, we 

performed estimations of the major-element melt chemistry that should be in equilibrium with 

the amphibole relics, referred to as amphibole equilibrium melt (AEM). This was accomplished 

using the model proposed by (Zhang et al., 2017) and utilizing the spreadsheet provided by 

(Humphreys et al., 2019) (Fig. 2.11a–d). Subsequently, we compared the calculated 

compositions of AEM with the compositions of melt inclusions (MIs) attached to amphibole 

relics (Fig. 4e). 

The results revealed that the predicted AEM compositions varied over a wider range 

compared to those of MIs attached to amphibole relics. The discrepancy between the predicted 

AEM and the attached MI compositions was more pronounced for orthopyroxene- and certain 

clinopyroxene-hosted amphibole relics but smaller for plagioclase- and most clinopyroxene-

hosted relics. The contents of MgO and Al2O3 displayed the smallest deviations for AEM of 

plagioclase- and most clinopyroxene-hosted amphibole relics. The deviation in TiO2 content 

was smaller for the AEM of plagioclase-hosted relics. Notably, the predicted AEMs were found 

to be depleted in FeO and significantly enriched in K2O relative to MIs (Kotov et al., 2023) 

The observed differences between the predicted AEMs and the actual melt compositions 

provide clear evidence that amphibole was not in equilibrium with the rhyolitic melts of the 40 
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ka Mendeleev caldera's pre-eruptive magma. This finding highlights the presence of 

disequilibrium conditions between the coexisting rhyolitic melt and amphibole relics during the 

magma's evolution. 

 
Fig. 2.11. Variations in major-element contents of Mendeleev MIs coexisting with amphibole relics 
(filled symbols) and amphibole equilibrium melt (AEM; open symbols). AEM was calculated following 
the model of (Zhang et al., 2017) and updated by (Humphreys et al., 2019). The following equilibria 
were used: [1] for SiO2, [5] for TiO2, [7] for FeO, [8] for MgO, [9] for CaO, [10] for K2O, and [11] 
for Al2O3.  

 

The presence of amphibole only as an inclusion, as well as its location only in the 

plagioclase cores indicates that it was the earliest-formed mineral in the 40 ka Mendeleev 

pumice mineral assemblage. But we suggest that amphibole should not be interpreted as having 
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formed by crystallization of the parental magma (Kotov et al., 2023). This mineral was probably 

derived from pre-existing rock subjected to partial melting during the generation of dacitic 

magma. In that case, it records the parameters of its last equilibration, which was likely related 

to a magma-generation event. 

It is important to note that thermometers and barometers based on amphibole–other 

mineral equilibria (e.g., Holland & Blundy, 1994; Molina et al., 2015) or on the amphibole–

melt equilibrium (Putirka, 2016) are not applicable here, as the studied amphibole relics might 

not be in equilibrium with other minerals in the assemblage. Therefore, only the amphibole 

thermobarometry proposed by (Ridolfi & Renzulli, 2012) and revised by (Ridolfi, 2021) was 

used in this study for estimating the P–T conditions of the last amphibole equilibrium. 

Calculations suggest that this equilibrium occurred under 107–314 ± 38 Mpa (Eq. P1b, Ridolfi, 

2021) and 807–932 ± 22 °C. (Fig. 2.12).  

 
Fig. 2.12. Results of amphibole thermobarometry using the method of (Ridolfi, 2021). Cross-bars 
present the maximum error (from Ridolfi, 2021). Depth calculated using crustal density of Kunashir 
Island of 2600 kg/m3 (Nakanishi et al., 2009). The dashed lines in (b) show isobars from (Ridolfi, 2021). 
The legend is the same as for Fig. 5.  

 

The estimates of temperature, pressure, and H2O content of the amphiboles presented 

above cannot be directly used to determine the generation conditions of Mendeleev caldera 

magmas due to their melted and anhedral nature. However, these estimations are likely close to 

the conditions for dacite generation. If we consider the P–T–XH2O parameters from (Ridolfi, 

2021) corresponding to the formation of amphibole, changing one of these parameters may lead 

to the removal of amphibole from its stability field, as demonstrated for Mount St. Helens by 

(Riker et al., 2015). The conditions of the last amphibole equilibrium, as determined above, are 

reasonably comparable to the estimated P–T–XH2O parameters for the 40 ka Mendeleev 
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caldera's stored pre-eruptive magma. The orthopyroxene-hosted well-shaped amphiboles 

provide systematically higher temperatures and pressures, while the plagioclase-hosted 

amphibole relics yield the lowest estimations (Fig. 2.12a). These observations suggest that the 

melting that formed the magma likely occurred somewhat deeper than the magma storage depth, 

at temperatures slightly above those recorded by phenocrystic minerals (see section 2.8.3 

entitled "Pressure, temperature, and redox properties of the pre-eruptive magma" and Fig. 

2.10b). This, in turn, implies short paths of ascent and good preservation of residual minerals 

in the ascending magma. The most probable scenario for amphibole instability is an increase in 

temperature, leading to the melting of amphibole-bearing rocks due to intense heating by deep-

fluxed magmas. This observation is consistent with the fact that the high-Al amphiboles from 

the Mendeleev pumice are better preserved and more abundant compared to the scarce, small, 

anhedral low-Al amphiboles. Therefore, amphibole barometry supports the conclusions that 

amphibole-bearing rocks served as a melting protolith, and the melting occurred in the upper 

part of the crust of Kunashir Island, not far from the location of the main magma reservoir. 

Similar scenarios to the one presented above were suggested by (Smirnov et al., 2017; 

2019) for the pre-eruptive magmatic history of the 20 ka Vetrovoy Isthmus eruption on 

neighboring Iturup Island. The model proposed by these authors suggests that the early mineral 

assemblage ("gabbro-noritic") of plagioclase + augite + hypersthene + Fe–Ti oxides + sulfides 

+ apatite originated during the partial melting of metamorphic amphibole-bearing rocks. This 

process involved a peritectic amphibole breakdown reaction accompanied by the generation of 

rhyolitic melt. The later mineral assemblage of plagioclase + quartz crystallized directly from 

this partial melt. 

Experimental evidence has shown that amphibole breakdown during partial melting in 

the Earth's crust plays a vital role in the generation of siliceous magma (Beard & Lofgren, 1991; 

Rapp & Watson, 1995; Kawamoto, 1996). The partial melting of crustal rocks has been 

demonstrated to produce dacitic magmas in the Izu–Bonin arc (Tamura & Tatsumi, 2002; 

Shukuno et al., 2006), the southern Kuril Islands (Smirnov et al., 2019), and South Sister 

volcano (Cascade Range, Oregon, U.S.; Waters et al., 2021). Additionally, dehydration of 

amphibole is an efficient mechanism for producing substantial amounts of aqueous fluid, which 

is crucial for the genesis of arc silicic magma. 

To confirm that the Mendeleev dacitic pumices are not a product of fractionation, we 

compared the melt compositions and estimated magmatic temperatures with major-element 

contents estimated from studies of experimental glasses and experimental temperatures of 
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partial melting (Holloway & Burnham, 1972; Beard & Lofgren, 1991; Kawamoto, 1996; 

Shukuno et al., 2006) and crystallization experiments (Sisson & Grove, 1993; Grove et al., 

2003; Nandedkar et al., 2014; Ulmer et al., 2018; Marxer et al., 2022) (Fig. 2.13a–h). We use 

melt compositions instead of pumice whole-rock compositions because if some minerals have 

a reactional nature, then the whole-rock composition may not correspond to that of the original 

melt. 

Compositions comparable to the studied MIs and GM glass were generally obtained from 

partial melting experiments. For example, melts obtained by Beard & Lofgren (1991) from 

dehydration melting of hornblende hornfels (Sample 466, low-K amphibolite) at 100 and 300 

MPa and 900–1000 °C are most consistent with the observed Mis attached to the amphibole 

relics and GM glass (Fig. 2.13a–h). Compositions of partial melts similar to the observed MIs 

were obtained by Kawamoto (1996) in melting experiments at 500 MPa, 875 °C, and 1 wt.% 

H2O. However, under this pressure, amphibole should be stable in the residual assemblage, 

which is not consistent with the mineralogy of Mendeleev pumice. 
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Fig. 2.13. Major-element contents from partial melting experiments (filled gray circles) conducted over 
a range of pressures (100–900 MPa) and H2O contents (0–5 wt%) using mafic protoliths (Holloway & 
Burnham, 1972; Beard & Lofgren, 1991; Kawamoto, 1996; Shukuno et al., 2006) and crystallization 
experiments (open black circles) conducted at variable pressures (200–1000 MPa), H2O contents 
(anhydrous to 12 wt% H20), and oxygen fugacity (NNO−2 to NNO+3) (Sisson & Grove, 1993; Grove 
et al., 2003; Nandedkar et al., 2014; Ulmer et al., 2018; Marxer et al., 2022) using basalts. Mendeleev 
melts (open red circles) are shown as a function of their temperatures estimated from mineral–liquid 
thermometry. Error bars indicate uncertainty (±36◦C) for plagioclase-liquid thermometry of (Putirka, 
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2008, equation 24a). Yellow and blue circles are highlighted results of dehydration melting and water-
saturated melting experiments on low-K amphibolite (sample 466) under 1 and 3 kbar from (Beard & 
Lofgren, 1991). Green squares are results of two partial melting experiments on high-Al basalt under 5 
kbar, 1–2 wt% H2O and 875◦C from (Kawamoto, 1996) (see text for details).  

 

In summary, the compositions of MIs and GM glass in rocks produced by the 40 ka 

Mendeleev caldera eruption confirm that they were generated during the course of partial 

melting of amphibole-bearing pre-existing rocks. Given their high viscosity, these melts were 

unable to separate from the residual minerals that formed during amphibole breakdown. 

Residual minerals [plagioclase (probably lower than An mol% = 82) + augite (Mg# = 72–77) 

+ enstatite (Mg# = 68–74)] and silica-rich partial melts [(74–77 wt.% SiO2(anh) and 4–6 wt.% 

H2O] constituted the primary magma, which had dacitic bulk composition.  

2.8.5. Remarks on magma origin and storage conditions for the 40 ka Mendeleev caldera eruption 

The pressures estimated for the last amphibole equilibrium suggest that the amphibole 

breakdown reaction likely occurred in the upper crust of Kunashir Island, at depths ranging 

from 4.2 to 12.3 km, assuming an average crustal density of 2600 kg/m3 (Nakanishi et al., 2009). 

These data align with geophysical estimates indicating an upper-crustal thickness of up to 10 

km under Mendeleev volcano (Zlobin et al., 1997). 

It is widely accepted that partial melting occurs within deep-crustal hot zones (DCHZs) 

due to the thermal influence of mantle-derived magmas stalling at lower-crustal depths (Annen 

et al., 2006). Magmas accumulating in the upper crust are considered ascending derivatives of 

DCHZ magmas, exemplified by the dacites of South Sister volcano (Blatter et al., 2017; Waters 

et al., 2021). These dacitic melts from South Sister were formed through partial melting at 

relatively high temperatures (≈1000 ± 50 °C), high pressures (>400 MPa), and low water 

contents (<3.3 wt.%). These P–T conditions are higher than those determined for the generation 

of the 40 ka Mendeleev caldera magma and lie well within the amphibole stability field, 

implying the presence of amphibole in the residual mineral assemblage. However, the low water 

contents observed only in the late stages of magmatic evolution in the Mendeleev caldera pre-

eruption history do not fit this scenario for explaining the origin of the 40 ka Mendeleev caldera 

magma. An alternative scenario proposes the direct generation of dacitic magma within the 

middle-upper crust, not far from the main magma storage site. The estimated lower 

temperatures (<900 °C) and pressures (<300 MPa) support this alternative scenario as a better 

explanation for the pre-eruptive stored magma of the 40 ka Mendeleev caldera. A similar 

scenario has been proposed for the origin of the 20 ka Vetrovoy Isthmus dacitic magma on 
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Iturup Island (Smirnov et al., 2019). These findings suggest that partial melting within the upper 

crust is an effective mechanism for the formation of relatively large reservoirs of felsic magmas 

in island-arc settings, indicating that the melting of amphibole-containing rocks likely occurs 

throughout almost the entire crust thickness. 

No amphibole-bearing xenoliths in rocks of Kunashir Island have been reported in this 

or earlier studies, except for the melted amphibole relics discussed in this paper. The presence 

of amphibole relics in pyroxenes and plagioclase indicates the involvement of some precursor 

amphibole-bearing assemblages, although their precise nature remains uncertain. Arc magmas 

are known to often contain plutonic xenoliths, including amphibole-bearing rocks (e.g., 

hornblende gabbro) and amphibole-rich rocks (e.g., hornblendites) (e.g., Wilshire et al., 1988; 

Stamper et al., 2014; Melekhova et al., 2019). Moreover, these rocks can be equilibrated and 

accumulated throughout almost the entire arc crust (e.g., Melekhova et al., 2019). Thus, dacites 

may form at a peritectic distributary reaction boundary over a wide range of depths in the arc 

crust (Beard & Lofgren, 1991; Rapp & Watson, 1995; Petford & Atherton, 1996; Petford & 

Gallagher, 2001; Izbekov et al., 2004; Blatter et al., 2017; Waters et al., 2021). This result 

implies that long-lived primitive magma or recharge of volatiles are necessary to induce 

persistent production of dacite magma in the upper crustal regions, while amphibole-bearing 

cumulates in the crust may provide a fertile source for melts and fluids. 

Regarding the heat source for partial melting under upper-crustal conditions at 

Mendeleev volcano, this represents an important problem requiring further discussion. Taking 

into account the higher degrees of melting of Pleistocene mafic magmas of Kunashir Island, 

(Martynov & Martynov, 2017) concluded that their generation corresponded to a period of local 

or regional extension accompanied by increasing heat flow in the supra-subduction mantle. This 

process was accompanied by abundant subaerial eruptions of basaltic fissure volcanoes. 

Extensional conditions changed to compressional during the Holocene (Martynov et al., 2015; 

Martynov & Martynov, 2017). During this period, mantle-derived magmas were unable to reach 

the surface and most likely formed intrusions in the upper crust. The heat from these intrusions 

and their possible recharging, if available for a sufficiently long period, could have provided 

enough heat for partial melting of the upper-crustal rocks (Huppert & Sparks, 1988; Petford & 

Gallagher, 2001; Annen & Sparks, 2002). Thus, I propose that Pleistocene extension and 

consequent local uplift of the asthenospheric mantle led to massive generation of mafic 

magmas. During the Late Pleistocene, these magmas intruded the island crust but did not erupt 

due to the transition from tectonic extension to compression. The accumulated magmas in the 
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upper crust supplied sufficient heat for the intensive generation and accumulation of felsic 

magmas through the partial melting of crustal rocks. 

In addition, I compare Vp profiles for Kunashir Island and other Islands. Geophysical 

observations in Kunashir Island suggest that thickness of the upper crust below Mendeleev 

takes 7-11 km range, while lower from 7-11 to 23 km (Zlobin et al., 1997). Vp on the seismic 

discontinuity between upper and lower crust is 7.1-7.3 km/s. These Vp values may correspond 

to such rocks as gabbro and hornblendites with density higher than 3.0 g/cm3. Compare to other 

arcs this is very shallow conditions for such high Vp value (e.g., Kodaira et al., 2007; Takahashi 

et al., 2007; Kopp et al., 2011; Melekhova et al., 2019, and many others) (Fig. 2.14). This may 

be additional indirect evidence that there are dense mafic-ultramafic rocks on Kunashir in very 

shallow conditions, which we do not see, but they serve as a protolith for partial melts. 

 
Figure 2.14. Comparison of crustal structure of a selection of island arc based on geophysical 
observations (updated and modified from Melekhova et al., 2019). The range in Vp (km/s) within 
individual crustal layers is shown by the double-ended arrows. Seismic discontinuities are shown by 
solid horizontal lines. A question (?) indicates a poorly resolved Moho. References for the arcs are 
provided by Boynton et al., 1979; Zlobin et al., 1997; Iwasaki et al., 2001; Iwasaki et al., 2004; 
Christeson et al., 2008; Kopp et al., 2011; Shillington et al., 2004; Kodaira et al., 2007; Takahashi et 
al., 2007.  
2.9. Conclusions 

The eruption of the Mendeleev caldera, which occurred around 40,000 years ago on 

Kunashir Island in the southern Kurils, involved a low-K dacitic magma, a characteristic trait 

of southern Kuril calderas. Pre-eruptive magma crystallization temperatures varied between 

830 and 890 °C, with the magma evolving in shallow upper-crustal conditions at pressures 

ranging from 77 to 195 MPa and at an oxygen fugacity of 0.85-1.05 above the NNO buffer. 

The main volatiles dissolved in the magma of the 40 ka Mendeleev caldera eruption 

were water and chlorine, with minor amounts of CO2 and sulfur species. Pre-eruptive melts 
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were water-saturated, and their H2O contents ranged from 4.2 to 5.8 wt.% H2O (mean = 5.1 

wt.% H2O), which aligns with magmatic water contents found in other calderas of the southern 

Kurils and Hokkaido (Miyagi et al., 2012; Kotov et al., 2021). During the period of pre-eruptive 

crystallization of plagioclase and pyroxenes, H2O contents in the magmatic melts slightly 

decreased, indicating minor magma degassing. As quartz joined the other crystallizing minerals 

during magma ascent, the rate of degassing increased, leading to H2O contents in the melt 

decreasing to 3.3-4.2 wt.%. The major eruption resulted in significant magma degassing, and 

the latest portions of magma extruded as domes were almost devoid of water. The depletion of 

H2O in the groundmass of the syncaldera extrusive dome rocks, without a notable change in 

SiO2 content, suggests that syneruptive degassing did not involve substantial crystallization. 

A comprehensive examination of pumice mineralogy revealed that the early 'gabbro-

noritic' assemblage, comprising plagioclase, augite, hypersthene, and Fe-Ti oxides, crystallized 

due to Mg-hornblende dehydration breakdown. Considering the rhyolitic compositions of the 

primary melt inclusions in these minerals, it is likely that their occurrence is linked to 

dehydration partial melting accompanying magma generation. The absence of mineral zoning 

and melt-inclusion compositions indicating precursor mafic or intermediate parental melts 

suggests that partial melting was the primary mechanism for felsic magma generation during 

the 40 ka Mendeleev caldera eruption. This magma comprised rhyolitic melt mixed with mafic 

products from the amphibole breakdown reaction, resulting in a dacitic magma composition. In 

the final stages of magmatic evolution, minor amounts of plagioclase and quartz crystallized 

directly from the residual rhyolitic melt, as confirmed by the evolutionary trends of the melt 

inclusion compositions. 

The data indicate that the magma was generated at depths ranging from 107 to 314 MPa 

(~4.2 to 12.3 km), likely through the partial melting of amphibole-bearing crustal rocks. 

Crystallization of the early minerals occurred at these depths, while the later quartz-plagioclase 

assemblage crystallized as a consequence of magma ascent to depths of 3-4.5 km. This suggests 

that the magmatic system of Mendeleev volcano extended from the magma source to the caldera 

eruption reservoir, potentially occupying most of the upper crust of Kunashir Island, in 

agreement with geophysical observations. 

The partial melting of previously erupted rocks can be triggered by repeated intrusions 

of hot mafic magma into the upper crust, as proposed in the model of (Petford & Gallagher, 

2001). This process aligns with the findings of (Martynov & Martynov, 2017), who inferred 
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regional stretching of Kunashir Island during the Pleistocene, leading to substantial thermal 

inflow into the island-arc crust from multiple intrusions of mantle-derived mafic magmas. 

The data and conclusions regarding the 40 ka Mendeleev caldera eruption magma are 

consistent with previously reported results for the 20 ka Vetrovoy Isthmus caldera eruption on 

neighboring Iturup Island (Smirnov et al., 2019). Similar findings of amphibole breakdown 

relics together with rhyolitic melt inclusions in dacitic pumices from neighboring Hokkaido 

Island (Miyagi et al., 2012) provide strong evidence for the generation of silicic magmas under 

upper-crustal conditions through the partial melting of crustal rocks. This mechanism is likely 

applicable to other magmatic systems in young island arcs.  
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Chapter 3. Evolution of the crustal magma plumbing system 

beneath Onikobe and Naruko calderas, NE Honshu 

3.1. Introduction 

The study of multistage or repeated caldera eruptions belonging to the same system (in 

the broad sense) is interesting because it allows us to trace the changes occurring in the 

magmatic system over time. It is also likely that conditions may change during the accumulation 

of high-siliceous magmas in the sources, which, in turn, may lead to attenuation or, conversely, 

accumulation or remobilization of potentially hazardous magmas. In this context, calderas with 

several stages or phases of eruptions separated in time are extremely interesting. Many recent 

works have shown that multistage caldera and volcanic eruptions can be caused by reasonably 

rapid remobilization of magmas, which is reflected in the disequilibrium mineral zoning (e.g., 

Till et al., 2015; Cooper et al., 2017; Flaherty et al., 2018; Sato et al., 2022). A description of 

the differences in mineral composition and volatile and melt inclusions may help better 

understand how siliceous magmas change over time. Here I consider tow Pleistocene calderas 

(Naruko and Onikobe) located in NE Honshu close to each other. Both calderas belong to the 

same “hot finger” and related to the same magmatic system in broad sense. But their 

petrological features differ significantly. Thus, here I describe in details whole-rock, minerals 

and melt inclusions compositions for both caldera-forming deposits and suggest scenarios of 

magmatic evolution.  

3.2. Naruko caldera-forming eruption. Yanagisawa tuffs 

3.2.1 Geological settings 

Naruko volcano is located in the central part of the NE Honshu region. Based on the 

previous works of (Sakaguchi & Yamada, 1988; Soda &Yagi, 1991), Naruko's eruptive history 

began with the two caldera eruptions on which this study focuses. These caldera eruptions 

appear to be the first manifestation of Naruko as an active volcanic center. The caldera's size is 

approximately 7 km in diameter and was formed by these paroxysmal eruptions. The deposit 

of the first caldera eruption is called the Nizaka pyroclastic flow (72 ka, 2.5 km3); the second 

deposit is called the Yanagisawa pyroclastic flow (45 ka, 10 km3). After caldera eruptions, lava 

flows and domes were formed in the inner part of the caldera. Three units present these lavas: 

Ogatake–Kurumigatake lava dome, Matsugamine lava, and Toyagamori lava. The Toyagamori 

lava is younger than 11830 ±555 years BP based on a 14C dating (Omoto, 1993). The previous 
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study (Ban et al., 2005) provided a detailed petrological investigation of post-caldera lavas and 

mafic inclusions therein. The only historical eruption occurred in AD 837 (Murayama, 1978). 

Naruko volcano is an active volcano and exhibits constant fumarolic activity. Several 

geophysical studies show an active magmatic system beneath the volcano (Okada et al., 2014). 

Using seismic tomography showed a distinct seismic low-velocity zone beneath the Naruko 

volcano. Their results suggested the presence of molten magma in the lower crust. Also (Okada 

et al., 2014) indicated some small aseismic low-V and high-Vp/Vs areas in the upper crust, 

which could correspond to an area with molten magma. A magnetotellurometric study (Ogawa 

et al., 2014) also showed the presence of regions of low conductivity beneath Naruko volcano, 

which reach depths up to 5 km below the surface. As well (Ogawa et al., 2014) suggested that 

fluids are supplied by a partial melting zone at a greater depth, and self-sealed rocks cap the top 

of fluid reservoir at temperatures of approximately 400°C. The seismic velocity structure also 

shows a molten region in the upper mantle-lower crustal region beneath Naruko volcano 

(Nakajima and Hasegawa, 2003), and a narrow conduit with low Vp and low Vs was detected 

in the upper crust. This conduit is linked to the low Vs and high Vp/Vs anomaly in the lower 

crust and is caused by H2O rather than melt as it does not exhibit a high Vp/Vs value. The result 

of a study of the 3He/4He ratio in the volcano gases and magnetotellurometry also indicated a 

robust magmatic contribution to the gases and the presence of a constant flow of mantle-

delivered aqueous fluid under the volcano (Asamori et al., 2010; Hernandez et al., 2011). 
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Figure 3.1. Schematic map and stratigraphy column of the Naruko and Onikobe caldera deposits based 
on (Tsuchiya et al., 1997; Sakaguchi and Yamada, 1988). Digital elevation model created with 
GeoMapApp (Ryan et al. 2009).  

 

3.2.2. Whole-rock composition, mineralogy, and petrography of Yanagisawa caldera-forming deposit 

The deposits of both eruptions consist of non-welded pyroclastic flows. Pumice from 

both eruptions is white, with no signs of heterogeneity. The matrix is colorless, transparent, and 

crystal poor. There is no significant difference in the matrix texture in Yanagisawa and Nizaka 

pumice. The size of pumice blocks in the Nizaka sediments is up to 1 m, while the size of 

pumice blocks in the Yanagisawa tuffs does not exceed 30 cm, and most pumice blocks do not 

exceed 5 cm. The pumice porosity in both eruptions is approximately 60 vol.%. The 

Yanagisawa deposit contains abundant accidental materials presented by lithic fragments of 

rhyolitic composition. The Nizaka deposit has much less accidental. Total crystallinities for the 

dacites range from 9 to 16 vol% for both eruptions. For both eruptions, quartz and plagioclase 

are the largest, most abundant phase and makeup between 70 and 85% of the total crystallinity 

of each sample. Orthopyroxene is the next most abundant mineral phase and smaller than 

plagioclase crystals in size (generally ≤ 1.5 mm). Amphibole is the fourth most common in the 

Yanagisawa pumice, while amphibole is absent from the Nizaka pumice as a phenocryst. Fe–

Ti oxides typically have the lowest abundances. 
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The bulk rock major element compositions of the Yanagisawa eruptive products are 

reported in Supplementary Table S3.1 and shown in Fig. 3.2 a-d. Eruptive products belonged 

to the moderately-K rhyolites (Fig. 3.2 b).  

 
Figure 3.2. Whole-rock compositions of Naruko volcanic products. Compositions of modern lavas and 
mafic inclusions from (Ban et al., 2005). Classification diagrams of (a) Na2O + K2O versus SiO2 (Bas 
et al., 1986), (b) K2O versus SiO2 (Rickwood, 1989), (c) FeO/(FeO + MgO) versus SiO2 (Frost et al., 
2001) and (d) A/NK versus A/CNK (Shand, 1943). All data are volatile-free and normalized to 100 wt.%. 
All Fe is FeO. A/CNK = (Al2O3/101.96)/(CaO/56.08 + Na2O/61.98 + K2O/94.2); A/NK = 
(Al2O3/101.96)/(Na2O/61.98 + K2O/94.2); MALI = Na2O + K2O − CaO. 

 

Plagioclase 

Plagioclase phenocryst is abundant in all samples. Phenocrysts are usually clear and 

euhedral (up 2 mm long). Plagioclase from Yanagisawa pumice often has reverse zoning. 

Plagioclase cores correspond to an An33-42 composition, and the rims at contact with the 

groundmass have an An42-48 composition (Fig. 3.3 a-c). There is often evidence of resorption at 

the boundary of low- and high-calcium zones (Fig. 3.3c). Only Fe-Ti oxides and rare 
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orthopyroxene occur as inclusions in Yanagisawa plagioclase. There are rare finds of 

plagioclase with patchy cores.  

 

 
Figure 3.3. BSE images of the plagioclase phenocrysts from Yanagisawa pumice with reverse zoning 
and evidence of resorption on the border between Low-Ca and High-Ca zones. Numbers are shown An 
mol%  based on EPMA analysis in black spots where is An mol%= [XCa/(XCa + XNa+XK) × 100].  

Orthopyroxene. Zonation, types, and proportions 

The Yanagisawa orthopyroxene is very informative in terms of the types of chemical 

and textural zoning presented. Hereinafter, we focus separately on the features of the textures 

and composition of orthopyroxene for a more extended discussion of the diffusive zoning in 

the next paragraph. In all samples, only orthopyroxene is present; clinopyroxene is not found. 

Orthopyroxene forms well-shaped crystals up to 1.5 mm in size. According to the IMA 

classification, orthopyroxene can be classified as enstatite in both eruptions (Morimoto et al., 

1988).  

A total of 192 orthopyroxene crystals from Yanagisawa pumice were studied. These 

proportions are considered to be representative because all crystals were handpicked and 

mounted randomly before zoning observation in BSE. Crystals were picked from crushed and 

sieved pumice into fractions of 125-250, 250-500, 500-1000, 1000-2000 microns. Summary of 

zonation shown in the figure 3.4. Zoned crystals of each eruption were classified according to 

the type of zonation observed: single zonation (normal or reverse) and multiple zonation. Each 

type considering as a travers from core to the rim.  

In Yanagisawa pumice 72% are zoned, with a prevalence in single-zoned and 

particularly in reverse-zoned crystals. Only 28% of observed grains have not distinguishable 

zoning patterns. Among single-zoned crystals, those with reverse zoning are dominant (80%). 

Among multiple-zoned crystals, those in which reverse zoning from the core to the rim and 

streaky (sandwich) zoning at the rim prevail (Fig. 3.4. e-g). Thus, with the rarest of exceptions, 

in Yanagisawa orthopyroxenes, the core is always less magnesian than the rim. Mg-number is 
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54–60 in the cores and 61–65 in the rims, respectively. The outer High-Mg zones are relatively 

broad and vary within 20–160 µm. Mg-number is inversely correlated with MnO (1.1–2.0 wt 

%) and positively correlated with Al2O3 (0.2–0.9 wt %) and CaO (0.6–1.6). We note that 

orthopyroxene from Yanagisawa eruptions has diffusion zoning rather than sharp zones.  

 

 
Figure 3.4. Statistical distribution of orthopyroxenes in the pumice of the Yanagisawa (a) deposits, 
respectively. The predominant types for each eruption are shown in bold. 

 

Amphibole  

Yanagisawa tuffs contain abundant phenocrysts of amphibole. The phenocrysts are well-

shaped (Fig. 3.5 a and b). There are no melted or resorbed forms. The size does not exceed 1 

mm in elongation. Inclusions of Fe-Ti oxides and slightly crystallized MIs in rhyolitic 

composition are extremely rare. The amphibole is not found as an inclusion in other minerals, 

indicating that it crystallized during the final stages of Yanagisawa magma evolution. Most 

amphibole belongs to the magnesio-ferri-hornblende groups with Mg-number 58–67, Al2O3 

5.5–9.2 wt %, and Na2O 1.1–2.1 wt % (Figure 3.6). Only one crystal with weak zoning has 

been found with a core composition of 9.2 wt% Al2O3, 2.1 wt% Na2O, Mg-number 58, and rim 

5.9–6.4 Al2O3, 1.4–1.5 Na2O, and Mg-number 65.  
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Figure 3.5. BSE images of the amphibole Yanagisawa Tuffs (d-f). Numbers showing Mg-number based 
on EPMA analysis in black spots Mg-number = [XMg/(XMg + XFe)× 100]. Mgt- Magnetite, Amph-
amphibole. 

 

 
Figure 3.6. Amphibole composition diagram by (Hawthorne et al., 2012); Calculated using a 
spreadsheet, formula units were calculated based on 22 oxygens (Locock, 2014). Ed - edenite; Prg - 
pargasite; Sdg - sdanagaite; Tr - tremolite; Mg-Hbl - magnesio-hornblende; Ts – tschermakite. Grey 
field correspond to the amphibole composition from Onikobe pyroclastic discussed below.  

Quartz 

Quartz crystals from both eruptions reach 3 mm in size and have an irregular isometric 

shape, often melted rims. Quartz from both eruptions does not occur as inclusions in other 

minerals and does not contain any other minerals. Quartz contains abundant melt embayments. 
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Based on cathodoluminescence observation we found different zoning patterns in quartz from 

both eruptions. More detailed zoning features described in the Chapter 5.  

 
Figure 3.7. Histograms of core and rim composition of zoned crystals of plagioclase (a) and 
orthopyroxene (b) in Yanagisawa tuffs. An#=Ca*100/(Ca+Na+K); Mg#=Mg*100/(Fe+Mg).  

Fe-Ti oxides  

Titanomagnetite and ilmenite are present as phenocrysts in Yanagisawa pumice. There 

are no clear correlations between these minerals' abundance or distribution within the studied 

pyroclastic sequence. It also appears as an inclusion within these minerals. Titanomagnetite 

phenocrysts contain abundant apatite inclusions, rare Fe-sulfides (up to 5 µm in size), and 

rhyolitic MIs. All studied titanomagnetite and ilmenite grains are homogeneous in composition. 

Ilmenite is much rare than titanomagnetite in both eruptions. Titanomagnetite and ilmenite 

often occur together as inclusions within the same growth zones in pyroxenes and less 

frequently in plagioclase. In both eruptions, the most abundant Fe-Ti oxide is in inclusions in 

the outer zones of orthopyroxene. Sometimes they form clusters with pyroxenes. Touching 

pairs of titanomagnetite-ilmenite is rare. Titanomagnetite from Yanagisawa tuffs contains 8.5–

9.2 TiO2, 0.63–0.93 MnO, and 0.84–1.05 MgO. Ilmenite contains 0.87–1.31 MnO and 1.70–

2.10 MgO. 

3.3. Onikobe caldera-forming eruptions: Ikezuki and Shimoyamazato tuffs  

3.3.1. Geological settings 

Onikobe caldera located northwest of Naruko Volcano in the same volcanic cluster (Fig. 

3.1). In this study, we consider two deposits related to the Onikobe caldera eruptions Ikezuki 

tuffs and Shimoyamazato tuffs. Estimated volume of caldera eruptions for Ikezuki tuffs of 18 

km3 DRE (as a minimum because of significant erosion) (Tsuchiya et al., 1997). There are no 

reliable estimates of the volume of erupted material for the Shimoyamazato tuffs, but rough 
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estimates suggest that the volume of erupted material is in the first km3. The most recent 

thermoluminescence age studies suggest that the Ikezuki eruption occurred in the period around 

296 ± 38 ka and 268 ± 33 ka (for different parts of deposit). The Shimoyamazato tuffs have 

been dated to 169 ± 43 ka and 170 ± 69 ka at two sites (Takashima et al., 2006). Results of 

previous geophysical investigations show low Vp/Vs anomalies at the surface, caused by the 

presence of a hot vapour phase in the Onikobe caldera area. Onikobe exhibit low Vp and low 

Vs anomalies at depths greater than 10 km, whereas at 2.5 km depth, no prominent low-velocity 

anomalies corresponding to caldera exist (Nakajima and Hasegawa, 2003; Tamura and Okada, 

2016).  

Ikezuki pyroclastic flow is common north and east of the Onikobe caldera. The 

maximum thickness reaches 100 m. At the basement of the pyroclastic flow is a layer of pumice 

and ash not more than 2 meters thick. The overlying main part of the pyroclastic flow is 

composed of dense welded tuffs. In the welded tuffs deposit, there are several pyroclastic flows, 

which are sometimes separated by thin ash layers. It is noted that the welded tuffs contain 

inclusions of non-welded pumices up to 4-5cm (not fiamme), which, however, have a flattened 

shape. The number of pumice inclusions increases upward in the deposit (Tsuchiya et al., 1997). 

Tuffs include abundant lithic nonmelted xenoliths.  

Shimoyamazato tuff is widespread in the east side of the Onikobe caldera. The deposits 

of eruptions consist of non-welded pyroclastic flows. Most of the tuffs are deposits of 

pyroclastic flows filling the valleys, so their thickness varies greatly depending on the location 

of observation, but the thickest layers are about 30-40 m thick. The Shimoyamazato tuffs 

unconformably overlie the Ikezuki tuffs. The Shimoyamazato tuff consists of ash deposits at 

the base of the section and overlying pumice pyroclastic deposits. The pyroclastic flow deposits 

consist of several flow units, but each unit is 10 meters or more thick, and overlap of several 

flow units in one outcrop is rare (Tsuchiya et al., 1997). Lithologic differences between the 

flows are not observed. In this dissertation we use samples taken from all parts of the both 

deposits. 

3.3.2. Whole-rock composition and mineralogy 

The bulk rock major element compositions of the Shimayamazato and Ikezuki eruptive 

products are shown in Fig. 3.8. a-d. Samples Ikezuki pyroclastic flow belong to low- to 

moderate-potassium dacites. At the same time, we note that non-welded pumice from earlier 

pumice-pyroclastic deposits is slightly enriched in SiO2, and alkalis compared to subsequent 
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deposits of the pyroclastic flow composed by welded tuffs. Shimoyamazato eruptive products 

belong to the moderately-K rhyolites (Fig. 3.8. b) (1.7–1.8 wt% K2O).  

 
Figure 3.8. Whole-rock compositions of Onikobe caldera eruptions. Classification diagrams of (a) Na2O 
+ K2O versus SiO2 (Bas et al., 1986), (b) K2O versus SiO2 (Rickwood, 1989), (c) FeO/(FeO + MgO) 
versus SiO2 (Frost et al., 2001) and (d) A/NK versus A/CNK (Shand, 1943). All data are volatile-free 
and normalized to 100 wt.%. All Fe is FeO. A/CNK = (Al2O3/101.96)/(CaO/56.08 + Na2O/61.98 + 
K2O/94.2); A/NK = (Al2O3/101.96)/(Na2O/61.98 + K2O/94.2); MALI = Na2O + K2O − CaO. 

 

Mineral assemblage and textural compositions are similar in non-welded bottom part 

and welded tuffs of Ikezuki tuffs. Ikezuki mineral assemblage consists of quartz, plagioclase, 

ortho- and clinopyroxene, Fe-Ti oxides and extremely rare, melted amphibole. Shimoyamazato 

mineral assemblage consist of quartz, plagioclase, orthopyroxene and Fe-Ti oxides. Amphibole 

and clinopyroxene absence as a phenocryst.  

Plagioclase 

In both Ikezuki and Shimoyamazato deposits, we can distinguish two types of 

plagioclase texture: first type correspond to concentrically zoned plagioclase dominates in the 
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phenocryst association of both deposits. Composition of plagioclase do not vary significantly 

in such crystals. Second type correspond to plagioclase with complex zoning presented by 

patchy core and concentrically zoned outermost part.  

Plagioclase is abundant in Ikezuki tuffs, up to 2.0-2.5 mm size. Phenocrysts are usually 

clear and euhedral. Compositional and textural diversity of minerals are similar in the lower 

unwelded tuffs and in the upper welded pyroclastic flows of Ikezuki. Unzoned plagioclase 

crystals and plagioclase at the contact with groundmass always have composition of An mol% 

= 54-61. Plagioclase with complex texture (patchy core and concentric outermost part) is very 

abundant in Ikezuki tuffs (Fig. 3.9 a-c). Patchy plagioclases contain abundant inclusions of 

clino- and orthopyroxenes, Fe-Ti oxides and rare melted amphibole inclusions, usually together 

with rhyolitic glass. Composition of high-Ca patches in such cores vary within An mol% 81-

91.  

In Shimoyamazato tuffs plagioclase phenocrysts are usually clear and euhedral (up 

2 mm long). Concentrically zoned plagioclase dominates in the phenocryst association. Such 

plagioclase has a weakly oscillatory structure with the composition varying within An35-56. The 

maximum range of An content in such crystals does not exceed 15 units (Fig. 3.9 e). It is not 

easy to establish a single pattern of zoning variation for this type. Plagioclase with complex 

texture (patchy core + concentric outermost part) are observed much less frequently than in the 

Ikezuki tuffs. In the patchy cores, dark patches have the composition of andesine (An41-56), 

whereas the compositions of light patches are bytownite (up to An78) (Fig. 3.9. d). As it moves 

away from the core, such crystals cease to be patchy and overgrow with weak zones andesine, 

gradually decreasing the An content. In patchy cores, low-calcium plagioclase is earlier and 

overgrown with high-calcium. Also, such High-Ca replacement has been found in the crystal's 

cores and mantle parts (Fig. 3.9. f). Rims of plagioclase in contact with groundmass glass 

always have a narrow composition range of nearly An36-41. Thus, plagioclase from 

Shimoyamazato tuffs always has a rim with a lower or the same calcium content as the core. 

Fe-Ti oxides and rarely orthopyroxene occur as inclusions in Shimoyamazato plagioclase. Also, 

we found one amphibole inclusion in the patchy core. This amphibole is located in a dark patch 

with the composition of An51.  
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Figure 3.9. BSE images of the plagioclase phenocrysts from Ikezuki tuffs (a-c) and Shimoyamazato tuffs 
(d-f). (a) Ikezuki plagioclase with complex zoning (patchy core + concentric outer part and (b) zoomed 
patchy core of the same crystal with abundant inclusions of clino- and orthopyroxenes and Fe—Ti 
oxides; (c) Intergrowth of two Ikezuki plagioclase crystals with complex texture; (d-f) Shimoyamazato 
plagioclase with complex zoning (d), concentric zoning (e), and evidence of resorption on the border 
between Low-Ca and High-Ca zones (f). Numbers are shown An mol%  based on EPMA analysis in 
black spots. #An = [XCa/(XCa + XNa+XK) × 100].  

 

Pyroxenes  

Ikezuki tuffs contain both clino- and orthopyroxenes. Composition of pyroxenes from 

bottom non-welded part and upper welded tuffs overlapped (Fig. 3.11a).  

Clinopyroxene forms individual euhedral and subhedral crystals and crystal clots with 

Fe–Ti oxides, complex-zoned plagioclase, and orthopyroxene(Fig. 3.10. a-c). The 

clinopyroxene is classified as augite, with Mg# = 65-71 (Fig. 3.11a) (Morimoto, 1988). 

Clinopyroxene phenocrysts do not show significant compositional variations. Mg# values 

typically vary by only 1-5 units in an individual crystal.  

Orthopyroxene in Ikezuki tuffs classified as enstatite (Fig. 3.11a). Mg-number vary 

within 54-61 units. Sometimes orthopyroxene have normal zoning with higher Mg-number in 

the core and lower in the rim with compositional difference less than 6 Mg#.  

In addition, we pay attention to the presence of “mafic” clots represented by clino-, 

orthopyroxene and sometimes patchy plagioclase (Fig. 3.10 a). The composition of pyroxenes 

in such assemblages is slightly more enriched with MgO (Cpx Mg# 72-79 and Opx Mg# 67-

71) than in other crystals from Ikezuki assemblage. Both pyroxenes in such assemblages contain 
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abundant inclusions of melted amphibole together with rhyolite melt. Sometimes it is possible 

to observe crystals of clinopyroxene, which contain oriented lamellae of orthopyroxene and 

amphibole (Fig. 3.10 b and c). 

 
Figure 3.10. BSE images of the pyroxenes from Ikezuki tuffs (a-c) and Shimoyamazato Tuffs (d-f). (a) 
“Mafic” clot of clino- and orthopyroxene crystals in Ikezuki tuffs with abundant amphibole inclusion; 
(b and c) Ikezuki clinopyroxene crystal oriented lamellae of orthopyroxene and amphibole; (d) 
Shimoyamazato orthopyroxene crystal cut along the C axis with amphibole inclusions located in the 
Mg-rich core; (e and f) Shimoyamazato orthopyroxene crystal cut across the C axis with amphibole 
inclusions located in the Mg-rich core; Note the mantle High-Mg zone between core and rime in the 
crystals cut across C-axis. Numbers showing Mg-number based on EPMA analysis in black spots Mg-
number = [XMg/(XMg + XFe)× 100]. Mgt- Magnetite, Amph-amphibole. 

 

 
Figure 3.11. Compositions of mafic minerals in the Ikezuki tuffs and Shimoyamazato tuffs: (a) 
Classification of pyroxenes according to (Morimoto, 1988); (b) classification of amphiboles following 
(Hawthorne et al., 2012). Calculated using a spreadsheet, formula units were calculated based on 22 
oxygens (Locock, 2014). Ed, edenite; Prg, pargasite; Sdg, sadanagaite; Tr, tremolite; Mg-Hbl, 
magnesio-hornblende; Ts, tschermakite.  
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Shimoyamazato tuffs include only orthopyroxene. The composition of orthopyroxenes 

of the Shimoyamazato orthopyroxenes varies in much greater ranges than that of the Ikezuki 

orthopyroxenes.  In Figure 3.12, we present the results of statistical analysis of the zoning 

patterns of the Shimoyamazato orthopyroxene to summarize the variety of textures. Such 

statistical analysis was performed only for the Shimoyamazato and Yanagisawa orthopyroxenes 

and was not done for the Ikezuki tuffs in this dissertation. Zoned crystals of each eruption were 

classified according to the type of zonation observed: single zonation (normal or reverse) and 

multiple zonation. Each type considering as a travers from core to the rim. In Shimoyamazato 

pumice, of 156 crystals studied, 54% are zoned, with a prevalence in single-zoned and 

particularly in normal-zoned crystals. No one reverse single-zoned crystal observed in 

Shimoyamazato assemblage. Among multiple-zoned crystals, those with combination of 

reverse and normal zoning from the center to the rim prevail (Fig. 3.12 d and f). Rims at contact 

with the groundmass glass have Mg-number 48–52. Sometimes phenocrysts cut perpendicular 

to the crystallographic axis C have a mantle high-Mg zone with a slightly higher Mg 

composition than the core (Fig. 3.12 d). However, this pattern is rare. Such abundant reverse 

and/or multiple zoning in Shimoyamazato orthopyroxene is similar to the observed features for 

Shimoyamazato plagioclase. Thus, we can distinguish three composition group of 

Shimoyamazato orthopyroxene: (1) Intermediate-Mg (Mg-number 54–64) form cores, (2) 

High-Mg broad zone (Mg# 64–69) mostly form mantle zone, but rare occurred as a core and 

(3) Low-Mg (48–53) which forms outermost part on the contact with groundmass glass or 

unzoned crystals. The Mg-number has a strong positive correlation with SiO2 content (50.5–

53.5 wt %), Al2O3 (0.2–1.5 wt %), weakly positive with CaO (0.8–1.6), and strong inverse with 

MnO (0.9–2.4 wt %). The TiO2 (0.04–0.33 wt %) contents do not correlate with Mg-number. 

The most abundant minerals included in Shimoyamazato enstatite phenocrysts are apatite, 

magnetite, ilmenite, and melted amphibole (in the cores with Intermediate Mg-number 54–64 

(group 1) . 
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Figure 3.12. Statistical distribution of orthopyroxenes in the pumice of the Shimoyamazato deposits. The 
predominant types for each eruption are shown in bold.  

Amphibole 

Amphibole is absent in the form of phenocrysts and is present only as melted relict 

inclusions in both eruptions of the Onikobe caldera discussed here.  

In Ikezuki tuffs amphibole is abundant as melted inclusions in both pyroxenes and rarely 

in patchy plagioclase cores. Amphibole inclusions belong to the Mg-hornblende and 

Tschermakite groups with Mg-number 53–71, Al2O3 6.25–10.0 wt %, and Na2O 1.5–2.9 wt%. 

Most Mg-rich amphibole found in those “mafic” Cpx-Opx-Plag clots (Fig. 3.10 a; Fig. 3.11).  

Like Ikezuki tuffs, Shimoyamazato tuff does not contain amphibole phenocrysts, but 

this mineral occurs as inclusions in orthopyroxene cores (Mg-number 54-65) and is rare in 

patchy cores of plagioclase. Such inclusions have a melted irregular shape and often occur 

together with rhyolite glass. Amphibole inclusions belong to the Mg-hornblende group with 

Mg-number 58–73, Al2O3 5.8–9.9 wt %, and Na2O 1.2–2.2 wt%. Mg-number of host 

orthopyroxene correlates positively with Mg-number of amphibole inclusion.  

3.4. Melt composition in Naruko and Onikobe magmas 

Primary MIs found in all minerals from both Onikobe and Naruko deposits. MIs are 

arranged as azonal groups or along crystal growth zones. Quartz contains only azonal groups 

in different crystal parts, while plagioclase and pyroxene contain both azonal and zonal groups 

of MIs. Apatite also contains tubular MIs. Inclusions in quartz and plagioclase are usually 

strongly devitrified and brown. The degree of devitrification may vary slightly within a single 
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crystal, but good correlation between the location of the MI and the degree of crystallization 

was not found. Inclusions in pyroxenes, on the contrary, are less devitrified. Some MIs in 

pyroxene may show nucleation of daughter minerals and crystallization of the host mineral on 

the wall of inclusion, but there are also MIs without evidence of post-entrapment crystallization. 

Degree of crystallization and PEC is much higher in welded Ikezuki tuffs than in all other 

deposits because of significant overheating during the eruption. This study used only MIs in 

quartz and plagioclase after the homogenization experiment (see chapter “Melt inclusion 

homogenization experiments” or inclusions in orthopyroxene and clinopyroxene without 

significant evidence of PEC. 

Inclusions of all minerals from Onikobe and Naruko eruptions have a rhyolitic 

composition. At the same time, slight differences were noited in composition depending on the 

host mineral and belonging to one of the two calderas. Here we consider MIs from both calderas 

togheter. 

In the Figure 3.13. we show composition of MIs from Ikezuki, Shjimoyamazato and 

Yanagisawa deposits together. MIs in Ikezuki tuffs have the same almost same composition as 

MIs from Shimoyamazato tuffs and vary within SiO2 70.8–76.2 wt%, Al2O3 10.5–13.9 wt % , 

FeO 1.0–1.5 wt %, MgO 0.1–0.3 wt %, CaO 1.0–1.6 wt %, Na2O 3.2–5.9 wt %, K2O 1.5–2.1 

wt % (all hydrous). We note only slight enrichment in K2O and depletion in FeO, MgO and 

CaO compared to MIs from Shimoyamazato. Those differences might be related to higher 

degree of MIs crystallization in Ikezuki and not complete homogenization after experiments 

(not all Fe-, Mg-, and Ca-rich daughter phases melted).  

For MIs in Shimoyamazato pumice we note difference in composition between MIs in 

orthopyroxene and quartz. Mis in orthopyroxene have the lowest SiO2 composition (70.2–74.3 

SiO2(hydrous) wt%), with Al2O3 composition 11.9–13.6 wt %, FeO 1.1–1.9 wt %, MgO 0.1–0.3 

wt %, CaO 1.1–2.1 wt %, Na2O 4.2–5.9 wt %, K2O 1.5–2.1 wt % (all hydrous). MIs from quartz 

in Shimoyamazato pumice mostly evolved in the composition of all major elements, which the 

better shown in SiO2 composition 71.6–75.6 wt %, Na2O 3.4–4.5 wt %, and K2O 1.8–2.3 wt %. 

Groundmass in Shimoyamazato tuffs overlapped in composition with MIs from quartz. 

MIs from Yanagisawa phenocrysts vary within a narrower range, but we note the same 

difference in composition between MIs in quartz and orthopyroxene (Fig. 3.13 a-e). All MIs in 

orthopyroxene take a more primitive position in all elements compared with MIs in quartz and 

groundmass. SiO2 concentration in MIs from orthopyroxene in Yanagisawa pumice vary within 
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72.2–75.0 wt %, with Al2O3 composition 11.3–12.1 wt %, FeO 1.5–1.8 wt %, MgO 0.1–0.2 wt 

%, CaO 1.3–1.7 wt %, Na2O 4.0–4.7 wt%, K2O 1.6–2.0 wt % (all hydrous). The difference 

between MIs in orthopyroxene and quartz is not so significant, but we note that MIs from 

pyroxene have mostly fractionated composition in all major elements. Groundmass 

composition in Yanagisawa pumices is completely overlapped in composition with MIs 

composition. 

 
Figure 3.13. Variations of the major elements in MIs from orthopyroxene and quartz and groundmass 
glasses from Ikezuki tuffs, Shimoyamazato pumice and Yanagisawa pumice. All data are plotted volatile-
free, normalized to 100%. Al Fe as FeO.  

 

3.5. Volatile content in melts from Onikobe and Naruko calderas 

SIMS has been used for volatile elements (H, C, P, S, F, Cl) determination in MIs from 

both calderas and groundmass glass (Fig. 3.14).  

No clear differences were not found in volatile content between inclusions in different 

minerals or different pyroclastic flows Ikezuki. MIs from Ikezuki tuffs depleted (3.6-4.8 wt %) 

in H2O compared to melts from Shimoyamazato pumice (4.3–5.9 wt %). CO2 content vary from 

the detection limit (3 ppm) to 16 ppm in Ikezuki tuffs and from detection limit to 17 ppm in 

Shimoyamazato. Ikezuki melts are slightly enriched in sulfur content compared to 

Shimoyamazato melts. In Ikezuki melts concentrations of P2O5 range between 0.015 and 0.044 

wt. %. Fluorine content in MI ranges between 510 and 707 ppm and positively correlates with 

chlorine concentration. Chlorine concentration varies from 0.14 to 0.23 wt % in all MIs. Ikezuki 

melts are enriched in halogens compared to Shimoyamazato ones (Fig. 3.14 b). 
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In Shimoyamazato melts concentrations of P2O5 range between 0.020 and 0.035 wt. % 

in MIs. Fluorine content in MI ranges between 106 and 640 ppm and positively correlates with 

chlorine concentration. Chlorine concentration varies from 0.10 to 0.21 wt % in all MIs. 

Shimoyamazato quartz is considerably enriched in fluorine compared to orthopyroxene (518–

640 ppm in quartz against 303–588 ppm in orthopyroxene). The only exceptions are the three 

MI analyses in quartz, which are significantly depleted in fluorine (F 106–133 ppm) and fall 

outside of this trend. The reasons for this depletion remain unclear because the loss of volatiles 

due to homogenizing experiment for these inclusions is ruled out. After all, the water content 

of these inclusions is the same as that in the other inclusions (H2O 4.75–4.93 wt %). One more 

exceptional analysis is MI in orthopyroxene, which has a chlorine composition of 0.22 wt % 

and falls from the common trend in Shimoyamazato MIs (Fig. 3.14 b).  

MIs from Yanagisawa quartz and orthopyroxene have H2O contents of 4.0–5.1 wt%. 

CO2 content from the detection limit (3 ppm) to 18 ppm. Sulfur content from the detection (0.1 

ppm) limit to 38 ppm S. Concentrations of P2O5 range between 0.024 and 0.031 wt% of P2O5. 

Fluorine content in MI ranges between 28 and 450 ppm and positively correlates with chlorine 

concentration. Chlorine concentration from 0.12 to 0.18 wt% in all MIs.  

The groundmass glass are relatively depleted in H2O (1.5–2.4 wt%) and fluorine (120–

201 ppm), but there is no significant difference in S (19–22 ppm), Cl (0.15 wt%), and P2O5 

(0.029 wt%) concentrations compared to the Yanagisawa melts.  

The concentrations of volatiles in the melt inclusions of both calderas are typical for 

silicious magmas and are not out of line with the general trend throughout the NE Honshu-

Hokkaido-South Kurile region. On average, rhyolitic MIs in dacites and rhyolites of this NE 

Honshu – Southern Kuril region have 3–7 wt.% H2O (mean 4.5–5 wt.%), markedly low CO2 

and S contents (<50 and <250 ppm, respectively), 0.1–0.4 wt.% Cl, and up to 0.18 wt.% F 

(Miyagi et al., 2012, 2017; Amanda et al., 2019; Smirnov et al., 2019; Kotov et al., 2021; Kotov 

et al., 2023). 
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Figure 3.14. Volatile elements variations MIs from orthopyroxene, quartz, and groundmass glasses from 
Ikezuki, Shimoyamazato, and Yanagisawa tuffs. SiO2 and K2O content are plotted volatile-free, 
normalized to 100%. Isobars plotted based on VolatileCalc calculation under 850°C (Newman & 
Lowenstern, 2002).  
3.6. Discussion 

3.6.1. P-T-fO parameters of Ikezuki and Shimoyamazato magma 

Based on the observed mineralogy, we applied the following geothermometers: (1) 

Touching Fe–Ti oxide pairs (Ghiorso and Evans, 2008) and (Andersen and Lindsley, 1985); (2) 

plagioclase-melt geothermometer (Putirka, 2008); (3) orthopyroxene-melt geothermometers 

(Putirka, 2008) and (4) Amphibole geothermometry (Ridolfi and Renzully, 2012; Putirka, 2016; 

Ridolfi, 2021).  

In Ikezuki tuffs we applied two-pyroxene (Putirka, 2008 equation 26 and equation 27). 

Orthopyroxene-clinopyroxene pairs from “mafic” clots (e.g., Fig. 3.10a) yield temperature 886-

940 °C, while other pairs from tuffs yield 788-852 °C (Fig. 3.15a). 

In Ikezuki tuffs plagioclase liquid thermometry of (Putirka, 2008, equation 24a) has been 

applied for pairs of MIs - host plagioclase only for homogenized MIs with known H2O content 

after SIMS analysis. Resulting temperature varies between 830-856 °C (Fig. 3.15a).  

We applied (Ghiorso and Evans, 2008) and (Andersen and Lindsley, 1985) 

geothermometers and oxygen barometers to titanomagnetite and ilmenite compositions to 

determine pre-eruptive temperatures and oxygen fugacity. Temperature and oxygen fugacity 

are estimated for all touching pairs. Further, we used non-touching pairs from the same 
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pyroxene zone because their compositions are identical to the touching pairs, and we obtained 

overlapping results. All used pairs passed the (Bacon and Hirschmann, 1988) test of Fe–Ti 

oxide equilibrium. In Shimoyamazato tuffs, using the (Ghiorso and Evans, 2008) model, Fe–Ti 

oxides could be in equilibrium at temperatures of 761–808°C and oxygen fugacity of ∆NNO to 

∆NNO-0.25. Following the (Andersen and Lindsley, 1985) model, Fe–Ti oxides could be in 

equilibrium at temperatures of 777–815 °C and oxygen fugacity of ∆NNO to ∆NNO-0.45 (Fig. 

3.15c).  

Orthopyroxene-liquid thermometry (Putirka, 2008, equation 28a) has been applied to 

pairs of Orthopyroxene rim and groundmass glass. For the temperature estimation we set H2O 

content in glass as the average H2O concentration in MIs from quartz. Only pairs with KDFe-Mg 

fall into the range 0.29±0.06 we used (Putirka, 2008); the temperature estimation for those pairs 

varies within 801-832°C (Fig. 3.15c). In Ikezuki tuffs this thermometer was not applied.  

Plagioclase liquid thermometry of (Putirka, 2008, equation 24a) has been applied for 

pairs of groundmass glass-plagioclase in Shimoyamazato tuffs. Water content for estimation 

was taken as an average concentration in MIs from quartz. Resulting temperature varies 

between 789-813 °C in Shimoyamazato tuffs (Fig. 3.15c). 

Even though Onikobe tuff does not contain amphibole phenocryst but only relict, we 

still estimated the pressure using equation P1b (Renzully and Ridolfi, 2012; Ridolfi 2021). The 

resulting pressure lies in the range from 101–232 MPa (±30 MPa) in Ikezuki and 97-253 MPa 

(±30 MPa) in Shimoyamazato tuffs (Fig. 3.15 b and d). We note that the instability of this 

amphibole does not allow these estimates to be used as reliable, but this amphibole is considered 

to be stable in low-pressure conditions. 

In addition, we estimated H2O-CO2 saturation pressure using known H2O and CO2 

content in MIs by VolatileCalc 2.0 (Newman & Lowenstern, 2002). Water saturation pressure 

is between 87-134 MPa in Ikezuki and 116–197 MPa in Shimoyamazato magmas (Fig. 3.15 b 

and d). These estimations should be considerate as a minimum possible pressure because of 

presence other volatiles and possible undersaturation of magmas.  
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Figure 3.15. Result of thermometry and barometry application for the Ikezuki tuffs (upper row) and 
Shimoyamazato tuffs (bottom row), respectively. Amph - amphibole, Opx – orthopyroxene, Plag – 
plagioclase.  

3.6.2. P-T-fO parameters of Yanagisawa magma 

In Yanagisawa Tuffs using the (Ghiorso and Evans, 2008) model, Fe–Ti oxides could 

be in equilibrium at temperatures of 773–812°C and oxygen fugacity 0.3–0.6 above ∆NNO 

buffer. Following the (Andersen and Lindsley, 1985) model, Fe–Ti oxides could be in 

equilibrium at temperatures 804–838 °C and oxygen fugacity 0.2–0.6 above ∆NNO buffer (Fig. 

3.16a).  

Plagioclase liquid thermometry of (Putirka, 2008, equation 24a) has been applied for 

pairs of groundmass glass-plagioclase rims but not for the MIs because all MIs in plagioclase 

are crystallized. Water content for estimation was taken as an average concentration in MIs 

from quartz. In Yanagisawa, tuffs temperature varies between 821–832°C (Fig. 3.16 a).  

The composition of amphibole rims from Yanagisawa tuffs and touched groundmass 

glass has been used for the temperature estimation (Putirka, 2016, equations 8 and 9). 

Amphibole crystallization temperature based on equation 8 was estimated as 790–833 °C 

(±47°C) and based on equation 9 as 792–816°C (±27°C). Crystallization temperature is based 

only on amphibole composition (Renzully and Ridolfi, 2012; Ridolfi, 2021), where models vary 

within a wide range of 778–882°C (±22°C). However, we note that most estimations are 

between 778 and 830°C, and only three analyses fall outside of this group (Fig. 3.16 a).  
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Pressure has been estimated using amphibole geobarometry (Ridolfi and Renzully, 

2012; Putirka, 2016; Ridolfi, 2021) and yield results of 90–199 MPa (±20 MPa) (Fig. 3.16 b). 

For Yanagisawa we suggest that melts were H2O-saturated before eruption because of abundant 

presence of fluid inclusions. Estimated H2O-CO2 saturation pressure is 126-157 MPa in 

Yanagisawa magmas (using VolatileCalc 2.0 by Newman & Lowenstern, 2002) (Fig. 3.16 b). 

 
Figure 3.16. Result of thermometry and barometry application for the Yanagisawa tuffs. Amph - 
amphibole, Opx – orthopyroxene, Plag – plagioclase.  

3.6.3. Magmatic environments and pre-eruptive magma dynamics. Case of Ikezuki and 

Shimoyamazato magmas 

The textural and compositional features of the orthopyroxene and plagioclase 

phenocrysts in the both calderas strongly suggest various magmatic conditions and repetitive 

mixing processes.  

Recently (Kahl et al., 2011) suggested an approach to define different magmatic 

environments (ME) in order to describe the long-term history of magmatic systems. Each 

internal part of a crystal can has a diverse and complex growth history, but the zoning features 

common to a large part of all crystals allow us to outline systematically some environments 

which correspond to some step in magmatic evolution history. The magmatic environment is 

determined by temperature, pressure, volatile and compositional content, which in turn directly 

affects the composition of crystallizing minerals.  

Here I distinguish certain MEs for Onikobe and Naruko magmas, which show variations 

in major-element composition (Mg#) that can be related to changes in the magmatic system. 

These changes can lead to either reverse zoning, typically associated with higher temperatures, 

higher pressures, and higher water fugacity, or normal zoning, typically associated with cooler 

and shallower environments (Kahl et al., 2011; Solaro et al., 2020). The identification of ME is 

based on the presence of compositional plateaus in the minerals. Compositional plateaus can be 

interpreted as a result of growth in some defined ME, with residence times in each ME long 

enough to be reflected by crystal growth, but short enough that the compositional feature has 
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not been removed by diffusional equilibration. The repetitive appearance of compositional 

plateaus indicates that zoning is not a result of fractionation during growth only, but by 

subsequent and fast changes during crystal growth in response to a change from one ME to 

another, i.e., by changing temperature, pressure, fO, and volatile content. Thus, if the crystal 

grew from core to rim, then cores correspond to the first ME recorded by crystals while rims 

represent the latter ME (Solaro et al., 2020). Here this approach was applied to orthopyroxenes 

from both Naruko and Onikobe calderas in order to highlight changes in ME. 

Among Shimnoyamazato orthopyroxenes, we distinguish three groups of magmatic 

environments: ME1 (Mg# 54-64), ME2 (Mg# 64-68), and ME3 (Mg# 48-53) (Fig. 3.17).  As 

shown above, ME1 usually forms orthopyroxene cores in the zoned crystals. ME3 usually 

corresponds to either crystal rims or the entire crystal if it is unzoned. All found unzoned 

crystals (46%) belong to ME3. The distinguishing of ME2 is based on two reasons: 1) some 

Shimoyamazato multiple-zoned crystals have an mantle high-Mg zone that contrasts 

significantly in composition with the core and outermost part, enriched in Al2O3, Cr2O3, CaO, 

depleted in MnO, and is up to 100 microns thick; 2) relics of melted amphibole crystals were 

found only in those cores that correspond to ME2 and are surrounded by discussing ME3, 

indicating that the amphibole ceased to be stable when the magmatic environment changed 

from ME2 to ME3. 

The deposit of the Ikezuki eruption contain a population of orthopyroxenes that varies 

in the range of Mg# 54-61 and completely coincides with ME1 for the Shimoyamazato tuffs. 

That is, in fact, the earliest orthopyroxenes of Shimoyamazato are the same orthopyroxenes 

from the Ikezuki association (e.g., Fig. 3.11a). At the same time, mafic assemblages found in 

Ikezuki tuffs with Mg# 67-71 completely overlap with ME2 compositions for Shimoyamazato 

tuffs. 
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Figure 3.17. Schematical ME’s connection pathways for Ikezuki and Shimoyamazato magma. Each 
arrow corresponds to the number of EPMA travers from core to rim, indicated observed zoning patterns.  

Ikezuki magma was formed by the fractional crystallization or partial melting of those 

more primitive rocks that contained Mg-rich pyroxenes and tschermakite amphibole. The 

mechanism of formation remains debatable, because it could be either partial melting according 

to the example described above for Mendeleev volcano or fractional crystallization. Despite on 

mechanism, dacitic magma chamber was formed, the evolution of which later led to the eruption 

of the Ikezuki tuffs. 

For the formation of the Shimoyamazato magma, we suggest that the main mechanism 

was remobilization of residual Ikezuki magmas, as evidenced by the specific zoning 

(orthopyroxene cores with amphibole inclusions are similar to those of the Ikezuki mineral 
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assemblage). Remobilization probably occurred under the influence of the same hot more 

primitive magmas from which the Ikezuki dacites were formed and to which the mafic 

assemblages belong. 

Thus, we suggest that Shimoyamazato magma formed due to the melting of upper crustal 

rocks by injecting hot magma. The abundant appearance of crystals with ME1 to ME3 or ME2 

to ME3 (Fig. 3.17) suggest broad processes of intrusion of hotter magmas into colder ones and 

further re-equilibration. The thick (>100 microns) outer zones of ME3 suggest that this process 

of hot magma intrusion was not the cause of the eruption and that the crystals had time to 

equilibrate and turn into thick outer zones (ME3). At the same time, the reverse zoning is 

expressed only in the transition between zones ME1 to ME2 (core to mantle), which means that 

ME2 was the magma that served as a source of heat.  

3.6.4. Magmatic environments and pre-eruptive magma dynamics. Case of Yanagisawa magma 

Observed increasing of An mol% and Mg# in plagioclase and orthopyroxene, as well as 

disequilibrium between melt and pyroxenes, indicate mixing with less evolved hotter magma 

or its rejuvenation due to interaction with it at early stages of evolution in the course of 

Yanagisawa magma formation.  

Among Yanagisawa orthopyroxenes, we distinguish two groups of magmatic 

environments: ME1 (Mg# 54-60) and ME2 (Mg# 61-65) (Fig. 3.18). ME1 usually forms 

orthopyroxene cores in the zoned crystals, or, sometimes, outermost parts in multiple-zoned 

grains. ME2 correspond to the rim or mantle zones and rare to the cores if crystal have normal 

zoning.  

Among Yanagisawa crystals, those with reverse (often multiple) zoning predominate. 

Evidence from the presence of mantle dark exterior zones in Yanagisawa orthopyroxene as well 

as resorption in inner zones of plagioclase (e.g., Fig. 3.3 and 3.4) represent mixing with, or 

rejuvenation through interaction with, a less evolved and/or hotter melt (e.g., Cooper et al., 

2016; 2017).  
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Figure 3.18. Schematical ME’s connection pathways for Yanagisawa magma. Each arrow corresponds 
to the number of EPMA travers from core to rim, indicated observed zoning patterns.  

 

The injection of hotter magma into a cooler host may rejuvenate (recycling the mush to 

generate an eruptible magma) this and initiate magma body growth and eruption. Mafic 

injection may penetrate the mush, producing various degrees of mixing (Bergantz & 

Breidenthal, 2001; Bergantz et al., 2015) or may rejuvenate it by supplying heat and (or) fluid 

but without material mixing (e.g., Bachmann and Bergantz, 2006; Huber et al., 2011).  

Yanagisawa rhyolites have no evidence of significant admixture of other magmas, which 

is expressed in the (1) uniform composition of melt inclusions in all mineral zones, (2) the 

absence of xenoliths or xenocrysts, (3) homogeneous bulk composition, and (4) textures of all 

caldera deposits. In addition, there are only single crystals with normal ME2 to ME1 zoning, 

which implies a limited degree of mixing of these magmas.  

Thus, the Yanagisawa magma formation through the rejuvenation of crystal mush 

(ME1) suggests due to the injection of hotter primitive magmas (ME2) (Fig. 3.19). However, 

this process rather did not lead to the migration of heated portions to shallower part, as there is 

no evidence such as broad outermost zones with lower-Mg or lower-Ca content, unlike the 

observed ME3 in the Shimoyamazato magma. That is, the erupted Yanagisawa magma was 

formed in situ and did not migrate far from place of its generation. The presence of streaky 

outermost zones with multiple zoning suggests that the same magma portions could have been 

heated many times. Probably, this is evidence of the growth of the magmatic chamber directly 

from the crystal mush without segregation of mobile portions to the shallower part. 
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Figure 3.19. Cartoon cross-section of the Yanagisawa magma system. The magmatic processes inferred 
from crystal textures and chemistry (discussed in the text).  
3.7. Conclusions  

In this section, by studying in detail the mineralogy and inclusions in the Onikobe and 

Naruko caldera-forming deposits, the nature of the origin of their magmas were elucidated. In 

both cases, the magmas were dislocated in upper crustal low-depth conditions before eruption.  

The “mafic” clots in the Ikezuki magma indicate a significant influence of more 

primitive magmas. But it remains unclear whether this was partial melting of more primitive 

crustal rocks or whether the mafic assemblages are xenoliths from the parental melt, the 

crystallization of which led to the formation of Ikezuki dacites. Detailed observation of the 

distribution of mineral zoning patterns allows us to suggest that the most probable mechanism 

of Shimoyamazato magmas is the rejuvenation of Ikezuki magmas due to the strong influence 

of hotter magmas. The mobilized portions of magma were re-equilibrated with the rhyolite melt. 

The process was not accompanied by significant mixing and hybridization of newly formed 

magmas. Before the eruption, both magmas stored at 777–858°C, 87–197 MPa. There is not 

significant difference in P-T conditions. Ikezuki magma relatively depleted in H2O content than 

Shimoyamazato.   

The magmas of the Yanagisawa eruption were generated at P-T conditions of 790–

838°C, 126–157 MPa. Yanagisawa magmas formed by rejuvenation of crustal mush zone due 

to the injection of hotter primitive magmas. This process was not accompanied by magma 

mixing, but only heat and volatiles were injected into the mush to form the Yanagisawa 

magmas. Mineral zoning in Yanagisawa phenocrysts reflects the multiple injections of hotter 
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magma below rhyolites that lead to thermal convection and remobilization of the resident 

magma. These conditions led to the formation of an association of phenocrysts with broad 

reverse zoning and did not provoke an eruption long enough to generate 10 km3 of chemically 

homogeneous magma (given that the entire range between the two eruptions is 27 thousand 

years).  

Thus, those observations suggest that rejuvenation processes of already existing magmas 

stored in the upper crust are critical in the preparation of large explosive eruptions in NE 

Honshu.  
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Chapter 4. Timescales of formation and mobilization of the silicic 

magma: insight from diffusion chronometry in orthopyroxene and 

quartz from Naruko and Onikobe deposits 

4.1. Introduction 

The textures, compositions, and thickness of growth zones in crystals can be used to 

distinguish the different magmatic processes responsible for zoning (Kahl et al., 2011; Saunders 

et al., 2012; Costa et al., 2020, 2021). Minerals can reveal details such as pressure, temperature, 

fO2, and timescales of magmatic processes (e.g., Cashman et al., 2017; Cooper, 2019; Costa et 

al., 2020). Diffusion zoning, which occurs at the crystal boundary when the surrounding 

parameters change, can be used to estimate the equilibration time of this crystal during the 

transition from one ME to another. Thus, it is possible to estimate the timing of such processes 

as the movement of magmas from depth to shallower parts, mixing of magmas, remobilization 

of mush, and initiation of eruptions through mafic recharge. Diffusion chronometry, which is 

applied to such compositionally zoned crystals, provides important insights into pre-eruptive 

magmatic timescales (Costa et al., 2008; Dohmen et al., 2017; Costa et al., 2020; Costa, 2021; 

Sato et al., 2022; Elms et al., 2023). There can also be discrepancies in time scales estimated 

from different phases recording seemingly common processes (e.g., Chamberlain et al., 2014), 

so if zonality in crystals permits, it is important to consider time scales across multiple phases. 

Understanding the timescales and processes through which magma bodies form and 

develop in the crust prior to eruption is vital for volcanic monitoring and interpreting future 

unrest signals, particularly at caldera volcanoes. Abundant reverse zoning in Yanagisawa tuffs 

suggest that rejuvenation process play a crucial role during magma formation. Thus, here, we 

present pre-eruptive timescales for the assembly of final melt-dominated eruptive bodies 

derived from Fe-Mg interdiffusion in orthopyroxene from Yanagisawa and Ti diffusion in 

quartz from the pumice of Yanagisawa and Shimoyamazato eruption. Here we consider only 

orthopyroxene from Yanagisawa, because it has abundant reverse zoning with diffusion nature, 

while orthopyroxenes from Ikezuki and Shimoyamazato are most likely normal zoned and 

zoning rather correspond to the crystal growth.  

4.2. Methodology 

Fe-Mg diffusion zones have a strong negative relationship with the greyscale value in 

BSE image (e.g., Allan et al., 2013; Cooper et al., 2017). In addition, greyscale profiles provide 
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a better spatial resolution than the EPMA spot analysis. Thus, high resolution BSE images of 

each crystal were taken to study crystal zonation features. Choosing the wrong crystallographic 

orientation of the crystal yields incorrect timescales (Costa et al., 2008). To obtain accurate 

results from diffusion modelling, I carefully selected only those crystals which cut parallel to 

the (010) based on the crystal shape and cleavage. All greyscale profiles were taken 

perpendicular to the crystal edge from BSE images using ImageJ software (Schneider et al., 

2012; http://rsb.info.nih.gov/ij/). In each crystal, at least one profile was analysed by EPMA, 

traversing from core to edge, after which the composition was correlated with greyscale. For 

each crystal, the greyscale value was calibrated to the Mg# content with a R2>0.95.  

Diffusion time modelling suggests that initially, when P-T conditions changed around 

the crystal, its composition changed abruptly, and step-wise concentration gradients were 

formed. This gradient was changed over time by Fe-Mg interdiffusion, resulting in sigmoidal 

concentration gradients (Fig. 1.2; 4.1f). The assumption that the sigmoidal gradient is a result 

of diffusion only yields the maximum timescale. 

Diffusion timescales were modelled in AUTODIFF spreadsheet, done by Dr. D. J. 

Morgan (Pers. comm., before published only as demo version for olivine (Couperthwaite et al., 

2020). AUTODIFF is built around 1 D composition-dependent diffusion curves calculated 

using a finite difference method. A detailed description of the sequence of calculations and the 

AUTODIFF principle are described in (Couperthwaite et al., 2020). 

Another important step in calculating the diffusion time is to choose the interdiffusion 

coefficient. For orthopyroxenes, there are two most used sets of coefficients proposed by 

(Dohmen et al., 2016) and (Ganguly and Tazzoli, 1994). (Dohmen et al., 2016) provided a new 

set of coefficients obtained in experiments using high-magnesium orthopyroxenes (En 91-98). 

These compositions are more likely to correspond to mantle orthopyroxenes and should be used 

with caution for shallow silicic magmas. Another set of coefficients was proposed by (Ganguly 

and Tazzoli, 1994), using pyroxenes close to the data of the present study and determined a 

more significant compositional dependence. For the calculating diffusion coefficient, it is also 

important to consider the oxygen fugacity, which determines the degree of iron oxidation. It 

has been suggested that the fO2 dependence may have the same form as for olivine (Ganguly 

and Tazzoli, 1994). For oxygen fugacity, (Dohmen et al., 2016) suggest a much lower fugacity 

dependence than that found in olivine (exponent 1/6, e.g., Dohmen & Chakraborty, 2007), This 

result conflicts with the value of the oxygen fugacity relationship suggested by (Ganguly and 

Tazzoli, 1994) based on an analogy with olivine. Probably such correction for oxygen fugacity 
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can be correct for high-magnesian pyroxenes, however it remains unclear how it affects the 

results for less magnesian pyroxenes. Based on the above, we use (Ganguly and Tazzoli, 1994) 

equation but without the oxygen fugacity component as already done in the similar magmatic 

systems (e.g., Cooper et al., 2017). 

log!(𝐹𝑒 − 𝑀𝑔)"#$ = −5.54 + 2.26𝑋%& −
'()*+
,

  (Equation 4.1) 

The only intensive parameter used for modeling in this case is temperature. Therefore, 

all modeled timescales have been calculated for a fixed temperature of 821°C (±33°C) for 

Yanagisawa based on Fe-Ti oxides thermometry as a more reliable temperature before the 

eruption (see paragraph 3.6.2. “P-T-fO parameters”). 

Quartz zoning patterns were observed by cathodoluminescence (CL) imaging. Its known 

that brightness (greyscale intensities) of the quartz CL image directly corresponds to Ti 

concentration (Wark et al. 2007). The observation conducted using SEM-CL, Hitachi S-3400N 

of Graduate School of Science, with 9 a working distance of 10 mm, an acceleration voltage of 

20 kV, and a probe current of 90 μA. Grayscale profile were extracted from CL images using 

ImageJ software (Schneider et al., 2012; http://rsb.info.nih.gov/ij/), in the same manner as 

profiles in orthopyroxene. Diffusion was estimated using web-based software "Diffuser" (Wu, 

et al., 2022). Interdiffusion coefficient has been calculated using Arrhenius equation from 

(Cherniak et al., 2007) for the temperature ranges of 821°C (±33°C) in Yanagisawa case. 

  

4.3. Results and implications of diffusion timescales from Yanagisawa 

orthopyroxene 

The most common zoning in Yanagisawa orthopyroxene is reverse, where the rim is 

relatively broad (>40 microns) and always darker than the core. This zoning can be either single 

or multiple with a mantle broad dark zone. Evidence from the presence of mantle dark exterior 

zones in Yanagisawa orthopyroxene (e.g., Fig. 3.4 and 4.1) represent mixing with, or 

rejuvenation through interaction with, a less evolved and/or hotter melt (e.g., Chamberlain et 

al., 2014; Cooper et al., 2017; 2019). Based on Fe-Mg diffusion, this process occurred within 

15-930 years (centuries are predominant). Usually, this boundary is enclosed in the crystal at a 

distance from the rim and is followed by a zone corresponding to the crystallization of the 

crystal and sometimes an outer narrow rim part with a diffusion boundary. Thus, we consider 

that the dark mantle zones correspond to the interaction of the hot less evolved magma through 

underplating at the base of the mush column, essentially primed a volume of material for 
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eruption through thermal rejuvenation and/or volatile exchange, rather than being the eruption 

trigger itself. The ubiquitous presence of such zoning patterns in Yanagisawa orthopyroxenes 

suggests that magmatic rejuvenation might have a system-wide influence. Also, we note, that 

small number of crystals finds with a normal zoning pattern (ME 2 En65-61 to ME 1 En54-60) 

suggests that the mixing was limited.  

 
Figure 4.1. Diffusion timescale profile (b and d) through core to inner rim boundary in Yanagisawa 
orthopyroxene (a and c), respectively.  

 

Outermost narrow dark zones at the crystal rim also correspond to episodes of interaction 

with, a less evolved and/or hotter melt. However, the position strictly at the rim on the contact 

with groundmass glass with no evidence of subsequent crystallization or re-equilibration 

implies that these episodes may be the trigger of an eruption. such zones are often observed in 

multizonal crystals, where there is a wide boundary between the nucleus and the inner edge and 

an outer banded zone (Fig. 4.2a-f). In the case of Yanagisawa orthopyroxene outermost dark 

rims yield 2-54 years.  
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Based on those results, we see that the inner broad boundaries in the crystals of both 

eruptions give longer periods of time, which apparently correspond to such processes as melting 

of crustal rocks and extraction of magmas from crystal-rich bodies into melt-rich shallower 

zones. The outer narrow zones may indicate much more rapid processes associated with the 

final mobilization and triggering of magma, which could have led to the eruptions. 

 
Figure 4.2. Yanagisawa multiple-zones orthopyroxene with thick border between core and inner rim and 
streaky outermost part (a-c); Modelled profiles (d), (е) and (f) correspond to the borders in the direction 
from core to the rim, respectively, which are indicated by red arrows in figure (b).  

 

4.5. Textural characteristics and timescales of Shimoyamazato and Yanagisawa 

quartz 

Here we consider quartz from Shimoyamazato (Onikobe) and Yanagisawa (Naruko) 

together to compare different zoning futures in the neighboring calderas.  

In Shimoyamazato and Yanagisawa pumices, quartz forms euhedral, often bipyramidal, 

crystals up to ∼2.0-2.5 mm. CL imaging of quartz reveals oscillatory and complexly zoned 

grains with the greyscale intensity inferred to reflect Ti composition (Wark et al., 2007; 

Matthews et al., 2012). Crystals from both eruptions have a multiple zoning pattern and 

abundant melt embayments. In the Table 4.1 we classified all observed crystals into three 

groups: (1) quartz with dark rims (low-Ti), (2) quartz with bright rims (high-Ti), and (3) grains 

with no significant contrast at the rim (Table 4.1). 
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Table 4.1. Summary of quartz textures based on CL intensities 

Deposit Temperature, °C 
Rim darker 

than core 

Rim lighter than 

core 

No signifficant 

change 

Shimoyamazato 

(Onikobe) 796 ± 33 67 % 11 % 22 % 

  
Yanagisawa 

(Naruko) 821 ± 33 
 

3 % 
 

65 % 
 

32 % 
 

Table 4.1. Statistical analysis of quartz textures based on CL images.  

 

In Shimoyamazato quartz, crystals with bright (high-Ti) cores or without distinguishable 

CL zoning are abundant. Findings of crystals with a bright outer rim at the contact with the 

groundmass are extremely rare. Within a Shimoyamazato pumice, quartz with darker rims (low-

Ti) dominate over those with lighter rims and serve as an evidence of an apparent temperature 

decrease prior to eruption. This is consistent with zoning observed in orthopyroxene and 

plagioclase from Shimoyamazato pumice. This down-temperature signal is interpreted as a 

movement of Shimoyamazato magma to a shallower storage level before caldera eruption.  

 
Figure 4.3. CL-images of Shimoyamazato quartz (a) and Yanagisawa (b, c). Red arrows indicated 
modelled border for Shimoyamazato quartz (d and e) and Yanagisawa (f and g). 

 

Crystals with dark (low-Ti) cores predominate in Yanagisawa quartz, which agrees with 

the observed patterns in orthopyroxene (low-Mg cores and high-Mg rims). Also, distinct bright 
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rim zones (high-Ti) are sometimes observed in Yanagisawa quartz, which may indicate an 

increase in temperature shortly before the eruption. 

The complexity of the zoning patterns did not allow for a distinctive zone common to 

all grains to be modelled and correspond magmatic environment and zone in quartz. Therefore, 

all zones with diffusive nature have been considered together. Titanium diffusion timescales 

across boundaries ranging from the core to the rim of Shimoyamazato quartz vary within 0.6-

22 years of eruption. The ages increase from 22 years to a peak at ∼3 years. Titanium timescales 

from Yanagisawa quartz vary within 0.2-21 years of eruption and are very similar to the 

Shimoyamazato timescales. The ages peak at ∼1-3 years prior to eruption.  

4.6. Conclusions  

Orthopyroxene and quartz from the Shimoyamazato and Yanagisawa deposits contain 

evidence of the open-system processes before each caldera eruption.  

 
Figure 4.4. Summary plots of the model ages derived from diffusion profiles in (a) Shimoyamazato quartz 
and (b) Yanagisawa orthopyroxene and quartz, respectively.  

 

In Yanagisawa magma, we observe strong evidence of the remobilization of the upper-

crustal magma supported by widespread reverse zoning. Multiple reverse zoning predominantly 

on the orthopyroxene rims indicated the repetitive process of heating the Yanagisawa magmas 

shortly before the eruption. This process also occurred within centuries years, but this process 

was most prevalent only decades prior to eruption. Narrow dark rims suggest triggering of 

eruption through mafic recharge, which occurred within years-decades.  

Zoning patterns within quartz from both eruptions are similar to those in orthopyroxene. 

Thus, quartz could have been present throughout the evolution of the Naruko magmas together 
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with orthopyroxene. Quartz from Shimoyamazato pumice presents a lighter (high-Ti) core than 

rim or absence of zoning. While Yanagisawa quartz usually have a reverse zoning pattern with 

significantly resorbed cores and often contains bright rims.  

The timescales presented here are comparable to those representing the remobilisation 

and rejuvenation of voluminous siliceous magmas in the arc settings (e.g., Morgan et al., 2006; 

Saunders et al., 2010, Allan et al., 2013, Chamberlain et al., 2014; Cooper et al., 2017; Sato et 

al., 2022; Elms et al., 2023). 

Based on the interpretation of mineral chemistry and zoning patterns, it can be inferred 

that several important processes govern the formation and behavior of melt bodies in the crust. 

These processes include melt segregation, magma body assembly from the source mush, and 

the residence of magma in the upper crust. The timeline for these processes spans from a few 

decades up to thousands of years. Notably, priming events, such as heating caused by basaltic 

injection, appear to occur in the years leading up to the main eruption (e.g. rims in 

orthopyroxene from Yanagisawa or Quartz zoning). 

These findings emphasize the complexity of the processes involved in the formation and 

movement of melt bodies within the crust. They suggest that the assembly and residence of 

magma can take considerable time, ranging from decades to millennia. Additionally, the 

occurrence of priming events preceding major eruptions highlights the potential significance of 

short-term processes in influencing volcanic activity. 

The study also underscores the importance of considering multiple timescales when 

studying magmatic processes. While some processes may occur over longer periods, others can 

have more immediate effects, impacting the behavior of magma reservoirs and influencing 

volcanic monitoring initiatives. Overall, this research provides valuable insights into the 

dynamics of magma within the crust and offers implications for geophysical imaging of magma 

reservoirs and volcanic monitoring efforts. Understanding the various timescales of magmatic 

processes is crucial for accurately assessing volcanic hazards and enhancing our knowledge of 

volcanic behavior.  
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Chapter 5. Water excess and fluid accumulation during the 

formation of the silicious magma in the upper crust.  

5.1. Introduction 

Formation of any shallow magma chamber related to the crystallization of mantle-

derived less evolved magma. The extensive crystallization of basalt may supply a vastly 

excessive amount of magmatic volatile components to an overlying felsic magma chamber. But 

water dissolved in the parental mantle-derived magmas cannot be completely dissolved in the 

felsic endmember magmas dislocated in shallow conditions due to the limited solubility of 

volatiles. Thus, volatiles excess exists. That undissolved water migrated upward and forms 

potential geothermal reservoirs. Using a petrological approach, it is going to clarify the bulk 

composition of the parent and terminal rocks and the P-T-fO conditions of their storage, as well 

as the water content in the melt inclusions of both terminal members. Using these data, we 

conduct simulations in Rhyolite-Melts software to estimate the degree of crystallization of the 

parental melt to form the final shallow reservoir and the mass of water that is (1) dissolved in 

the final reservoir and (2) water that has not melted and turned into fluid. Therefore, the amount 

of separated fluid can be estimated. 

5.2. Water excess during equilibrium crystallization. Rhyolite-Melts modelling for 

Naruko magma. 

In an attempt to estimate the aqueous outcome in the formation of silicic magmas by 

crystallizing less primitive magmas, we using Naruko magmas as an natural example. These 

magmas did not form in this way, however, here I consider an exclusively theoretical scenario 

that can also be applied to any other volcanic center where the compositions of endmember 

magmas and the conditions of their generation are known. This approach has already been 

successfully applied to some silicic magmas in NE Honshu, such as Kutcharo-Mashu system 

(Miyagi et al., 2012) or Kakkonda granite (Miyagi, 2022). 

We applied Rhyolite-Melts (Gualda et al. 2012; Asimow and Ghiorso, 1998; Ghiorso 

and Sack, 1995) modeling for the equilibrium batch crystallization of the most primitive known 

rock from Naruko volcano. The most primitive composition of the mafic inclusions in modern 

Naruko lavas (basaltic andesite) described in sample (Ban et al., 2005, Sample TR-4) was taken 

as the starting composition. By using this composition, because no more primitive rocks are 

known from Naruko volcano, the basaltic andesite should correspond to the already slightly 

differentiated magmas. Two main modeling aims are: (1) to check the possibility/impossibility 
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of producing Naruko rhyolites from primitive magmas and their possible affinity; and (2) to 

assess the degree of fractional crystallization and the volume of differentiated primitive magmas 

that produced rhyolite.  

The simulations used the same approach (Miyagi et al., 2012; Miyagi et al., 2017). The 

ranges of pressures, temperatures, oxygen fugacity, H2O, and CO2 concentrations are 0–800 

MPa in 10 MPa steps, 700°C to 1400°C in 1°C steps, FMQ −1 to FMQ + 3 log-units, 0–8.0 

wt% H2O in 0.2 wt% steps, and 0.001, 0.010, 0.001 wt% CO2, respectively. The total number 

of combinations of these different parameters is approximately 3.36 million. 

Of all the results obtained, we selected only those where the oxygen fugacity was set as 

FMQ+2 (based on data from Ban et al., 2005), and CO2 content was taken as 0.001 wt% 

(because rhyolite is CO2-poor). The total water content and pressure were manually selected so 

that the residual melt successfully reproduced the composition of Naruko rhyolites. 

The scenario that most successfully reproduces Naruko rhyolites for all parameters (e.g., 

H2O=4.9 wt. % (average in MIs), T = 810–820 ºC) selected by combining different scenarios 

and suppose parameters of 150 MPa; H2O=4.2 wt. %, CO2=0.001 wt. % in parental magma. 

Such a scenario suggests producing Naruko rhyolites through 70 percent crystallization of the 

starting composition. Rhyolite-MELTS modeling with lower initial water concentrations can 

also yield Naruko rhyolites. However, the crystallization percentages of the initial basalt 

become considerably high (>85%), which is an unrealistic scenario because producing large 

volumes of caldera-forming magmas (12.5 km3) require too much initial melt. At the same time, 

the water content of 4.2 wt. % in the initial primitive magma is typical for Honshu (Ushioda et 

al., 2014 and references therein). In (Fig. 5.1a-f), we show the best-fit crystallization pathways 

of the most primitive mafic inclusion sample (TR-4) under 150 MPa pressure and 300 MPa for 

comparison.  
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Figure 5.1. Variation diagrams showing bulk rock data, melt inclusion data and melt compositions estimated using 
the Rhyolite-Melts software. Data are volatile-free, normalized to 100%. All Fe as FeO. Two lines for 150 and 300 
MPa modeling, respectively, are shown for comparison.  

 

Another significant value of the Rhyolite-Melts simulation we applied is our attempt to 

discuss the excess water that can be released during the crystallization of basalt to rhyolite. 
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Crystallization of basalt may supply excessive amounts of volatile magmatic components to the 

overlying felsic magmatic bodies. However, the newly generated rhyolite cannot dissolve all of 

the volatile components contained in the parental magma because the concentration of volatiles 

in the melt is limited by pressure-dependent solubility. Thus, while petrogenic elements are 

entirely distributed between the restite and the more evolved melt, volatiles cannot dissolve in 

any magmatic phases significantly, leading to their separation and degassing with the 

concomitant formation of geothermal deposits and ore halos (Richards, 2011). Rhyolite-Melts 

results suggest the formation of Naruko rhyolites during isobaric cooling and crystallization of 

basalts in a magma storage area (or roughly near) and release of fluid due to the "second boiling" 

process (e.g., Candela, 1997) 

As the most suitable scenario is the reproduction of the Naruko rhyolites through 70 

percent crystallization of basaltic andesite, we can estimate the mass of the original parent 

magma using a simple mass-balance calculation. We use the known volume of erupted Naruko 

material (12.5 km3 DRE) and a magma density of 2223 kg/m3, calculated using densityX 

software (Iacovino and Till, 2019). The calculated mass of the required parental melt at 70% 

crystallization is 92 gigatons (1Gt=1012 kg), equivalent to approximately 40 km3 of magma and 

is a geologically realistic estimation. According to the best simulation scenario, the parental 

melt contains 4.2 wt% H2O, equivalent to 3.86 Gt bulk water content in parental magma.  

Using the averaged concentration of water in the Naruko rhyolite melt inclusions (4.9 

wt.%) and the estimated mass of the Naruko rhyolites (28 Gt), we estimate the mass of dissolved 

water to be 1.36 Gt of water, which is equivalent to 35 wt.% of the original bulk water in the 

parental magma (as 1.36/3.86). Recently, Uno et al. (2017), based on mass balance calculation 

for the crust–melt reaction zones, suggested that the original >5.0–5.6 wt.% of H2O within the 

arc magma is partitioned into ≤3.7 wt.% H2O consumed by the hydration of local crustal 

material and ≥1.3–1.9 wt.% H2O expelled to the overlying upper crust. These observations 

suggest that approximately 25% of initial water content in parental magma melts can be excess 

during intrusion and solidification of the granitic melts and subsequently transported to the 

overlying crust. 

Thus, it is possible to estimate that approximately 2.5 Gt of water has not been dissolved 

in the rhyolitic end member. But it became excessive due to pressure limitation of water 

dissolution in the melt (Fig. 5.2). This estimate can be used as a maximum because of no 

consideration of the contamination by crustal rocks, which could have melted and contributed 
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volatiles to the newly formed rhyolites. Additional studies are required to account for the 

contribution of this process. 

 
Figure 5.2. Crystallization result of andesite-basalt Naruko in Rhyolite-MELTS at a constant pressure 
of 150 MPa, fO2 of FMQ+2, initial H2O=4.2 wt% and CO2=0.001 wt%. The blue field shows the mass 
of water that was not dissolved in the final residual melt due to pressure solubility limitation. The red 
field corresponds to the mass of dissolved water in the residual melt. The upper abscissa axis shows the 
SiO2 concentrations in the residual melt calculated on a volatile-free basis and normalized to 100%. All 
Fe as FeO.  

 

5.3. Water excess during partial melting. Case study of Mendeleev caldera. 

A significant portion of the lower arc crust may be amphibole- or mica-rich in 

composition and without a free fluid phase (e.g., Rushmer, 1991). Partial melting of these rock 

may be responsible for the formation of arc dacites. Mendeleev dacites formed through 

dehydration partial melting in relatively shallow crustal conditions (<12 km). In an attempt to 

determine water excess during the formation of dacites, the case of Mendeleev magmas was 

considered as a natural example.  
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Partial melting can be fluid-saturated, fluid-absent, or fluid-assisted (fluid presents but 

below saturation) (e.g., Beard & Lofgren, 1991; Li et al., 2022). The presence or absence of 

fluid saturation during melting of amphibole-bearing rocks produces different melts and cause 

of the stabilization of minerals of different compositions. As previous description in Chapter 2, 

Mendeleev melts are rather formed in the absence of fluid (dehydration melting). Dehydration 

melting experiments (Beard & Lofgren, 1991) have the most similar final compositions to 

Mendeleev's, which are reproduced at realistic low pressures and temperatures. That process 

does not produce a free fluid that could separate due to limited solubility. To illustrate this, we 

consider results of (Beard & Lofgren, 1991) on dehydration melting experiments as an example 

(Fig. 5.3) 

 
Figure 5.3. Results of dehydration melting experiments from (Beard and Lofgren, 1991). Isoplets 
indicate the water content of the amphibole-bearing source that is being melted. For example, melting 
of pure hornblende with 2 wt% water content will produce melts along isopleth 2.0. Here we do not 
consider situations where a substrate with more than 2 wt% water content melts because the 
geochemistry of the Mendeleev dacites and the absence of findings of other water minerals besides 
amphibole indicates that the main water-bearing phase is amphibole only. The expected amount of water 
is the content that should be in the experimental melt obtained, assuming that all the water from the 
source has dissolved into it. The red line shows the water saturation limit for Mendeleev melts at 3 kbar 
(calculated using VolatileCalc by Newman & Lowenstern, 2002). Blue squares – natural intrusive rocks. 
See text for details 
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Figure 5.3 shows the dehydration melting results from (Beard & Lofgren, 1991). The 

melt portion is taken from (Beard & Lofgren, 1991). The expected water content is calculated 

as 𝑀-(.	&01&"2&3 = 𝑀-(.	4567"& ∗ ∆𝑀8&92, where is ∆𝑀8&92 – mass portion of the melt in the 

experiment. Several natural intrusive samples were taken for comparison: amphibolite from 

Grenada Island (Stamper et al., 2014, sample GR-42) and amphibolite and gabbro from 

Shikotan Island (Koloskov et al., 2019, Samples 11 and 12). The bulk water content of these 

rocks was calculated based on the assumption that amphibole is the only water-bearing phase 

with an H2O concentration=2.0 wt.%. The melt mass to be produced by the complete melting 

of these rocks was calculated using the GeoBalance mass balance calculation program, which 

is written with Visual Basic for Applications (VBA) and built in a macro-enabled Excel 

worksheet (Li et al., 2020). The working algorithm is based on solving the least square problem 

using pseudo-inverse of matrix and singular value decomposition (SVD) of matrix. During the 

calculation, the program reproduces a realistic mineral assemblage and phase proportions 

consistent with those observed in the Mendeleev pumice and in experiments (Beard and 

Lofgren, 1991). The red line illustrates the water solubility for Mendeleev melts at 3 kbar (using 

VolatileCalc 2.0; Newman & Lowenster, 2002), which is the maximum expected solubility for 

Mendeleev magmas. with rare exceptions, all points fall in the field below the saturation line at 

3 kbar, which means that the produced melts are undersaturated with water.  These results 

indicate that the generation of rhyolitic peritectic melts during the partial melting of amphibole-

bearing rocks in the Kunashir crust rather does not produce an excess of aqueous fluid per se 

(fluid absent). 

However, as was shown above, Mendeleev magmas are water-saturated before eruption. 

Thus, we expect an excess of aqueous fluid during the formation of the Mendeleev magma 

body; however, this occurs not during the partial melting of crustal rocks, but during their ascent 

from the place of generation to the storage place in the shallower part. In an attempt to estimate 

water excess, we model this process through Rhyolite-Melts (Gualda et al. 2012; Asimow & 

Ghiorso, 1998; Ghiorso and Sack, 1995). The concept is summarized in (Fig. 5.4a) For the 

starting composition, we take the less-evolved composition of rhyolitic melt inclusion observed 

in the clinopyroxene core, which contains relicts of melted amphibole. The maximum 

generation pressure of these melts according to the data is 3 kbar, which corresponds to the 

lower crust of Kunashir Island. The solubility limit at this pressure is 7.8 wt% H2O (Newman 

& Lowenstern, 2002). The minimum water content of the Mendeleev MIs is about 4 wt.%. 
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Thus, it assumes scenarios with initial water content of 4.0 - 7.8 wt% H2O without CO2, as its 

value is considered negligible.  

The basic concept is crystallized obtained rhyolite melt at the amphibole melting point 

at 950 °C and 300 MPa and crystallize it to the conditions at which the magma was stored 

immediately before eruption. Proceeding from the fact that Mendeleev's dacites contain no 

more than 1 vol % of quartz, we perform crystallization until the appearance of the first quartz. 

From the analyzed MIs in quartz, we know that the water saturation pressure for these melts is 

77-116 MPa. The homogenization temperature of melt inclusions in quartz is 825-832 °C at 

atmospheric pressure, which should be close to the crystallization temperature of the quartz 

itself (Rhoeder, 1984). These parameters restrict the final P-T conditions at which 

crystallization should stopped. Crystallization is carried out under dynamically changing 

pressure and temperature. Two DP/DT gradients of 16.6 (cooler) and 20 (hotter) are used to 

conduct this simulation. Crystallization of Rhyolite-Melts at these parameters is mainly 

controlled by plagioclase, which fully consistent with our proposed two-step model of 

formation of Mendeleev magmas (1. partial melting and 2. late crystallization of plagioclase 

and quartz).  

The results show that the final melts similar to the glass of the bulk of the Mendeleev 

pumice are formed after 14-36% crystallization of the initial melt. At the same time, water 

saturation is observed in all scenarios. Based on the phase proportions in the Mendeleev 

samples (Table S2.2), we calculate the mass of melt. The density calculated using densityX 

software (Iacovino & Till, 2019). The mass of the rhyolite melts in erupted Mendeleev magma 

estimated to be 94-101 Gt (The range is determined by differences in the modal compositions 

of the pumice See Table S2.2). In this case, based on the range of measured water contents in 

melt inclusions (4-6 wt%), we estimate the mass of water in the final shallow reservoir to be in 

the range of 3.8-5.7 Gt (Mean is 4.82 Gt). The variation in water excess is almost identical for 

both crystallization scenarios and is determined more by the initial concentration. At 

DP/DT=20, the excess water is 1.57-5.32 Gt (24-52% of initial mass); at DP/DT=16.6, the 

excess is 1.03-5.34 Gt (18-53% of initial mass). 
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Figure 5.4. (a) Concept of Rhyolite-Melts modelling for Mendeleev magma case. Orange field 
correspond to the maximum estimated pressure based on the amphibole relics and considering here as 
a possible place of partial melt extraction. Blue area corresponds to the range of saturation pressure 
for MIs from quartz based on volatile content (using VolatileCalc 2.0, Newman & Lowenstern, 2002). 
Grey field correspond to the range of homogenization temperatures of MIs from quartz, that expected to 
be close to quartz crystallization temperature. Black lines correspond to the crystallization pathways in 
Rhyolite-Melts with DP/DT=16.6 and 20 respectively. Figure (b) present results of Rhyolite-Melts 
simulation, where is Y-axis is total water excess in wt.% of magma. Yellow lines highlighted points where 
first quartz crystalize in all scenarios.  
5.4. Conclusion 

On the basis of hypothesis that Naruko magma originated through simple batch 

crystallization of the basaltic andesite (the most primitive sample from the Naruko volcano),  

Rhyolite-Melts modeling results suggest that the Naruko rhyolites can be obtained by 70% 

crystallization of parental melts with initial concentrations of H2O=4.2 wt. %, CO2=0.001 wt. 

% and at a pressure of 1.5 kilobars. Based on the Rhyolite-Melts results and mass balance 

calculation, we estimated the mass of water that could be dissolved in the parental magma in 

the final Naruko rhyolite and the part that was not dissolved in the final rhyolite and probably 

was separated as a free fluid. We estimate that the parental melt contained 3.86 Gt bulk water 

content when the final rhyolite dissolved only 1.36 Gt. Thus, approximately 2.5 Gt of water (65 

wt.%) has not been dissolved in the rhyolitic endmember but became excessive due to pressure 

limitation of water dissolution in the melt. 

For Mendeleev volcano, a realistic scenario where water-unsaturated melts are separated 

from the source at 3 kbar and accumulated in a shallow chamber at pressures and temperatures 

corresponding to quartz crystallization. In this case, water saturation occurs not during 

generation of melts at the source, but during their uprising and degassing. In the pre-eruptive 
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melt was dissolved 3.8-5.7 Gt (Mean is 4.82 Gt) of water. During the uprising of melt from the 

source to the pre-eruptive magma body, degassing occurred and provide water excess of 1.03-

5.34 Gt (18-53 wt.% of initial mass). 

In both considered cases, the amount of released water is comparable to the amount 

which is dissolved in the final pre-eruptive melt (in terms of orders). Moreover, these 

calculations are in complete agreement with other similar studies (e.g., Uno et al., 2017; Miyagi, 

2022). 
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Chapter 6. Conclusion 

I have described in detail the petrology of three Pleistocene silicic calderas: Onikobe 

(Ikezuki and Shimoyamazato tuffs), Naruko (Yanagisawa tuffs) located in NE Honshu and 

Mendeleev caldera (Kunashir Island). 

The 40 ka Mendeleev caldera eruption on Kunashir Island, southern Kurils, shows that 

the eruption involved a low-K dacitic magma, which is typical of southern Kuril calderas. Pre-

eruptive temperatures of magma crystallization vary within 830–890 °C. Pre-eruptive magma 

of this eruption stored upper-crustal conditions at pressures ranging from 77 to 195 MPa and at 

an oxygen fugacity of 0.85–1.05 above the NNO buffer. Formation of this magma occurred due 

to the partial melting of amphibole-bearing source at the depth no less than 12.3km. A detailed 

analysis of pumice mineralogy revealed that the early ‘gabbro-noritic’ assemblage represented 

by plagioclase + augite + hypersthene + Fe–Ti oxides crystallized owing to Mg-hornblende 

dehydration breakdown. Taking into account the rhyolitic compositions of the primary melt 

inclusions in these minerals, we consider that their occurrence is related to dehydration partial 

melting that accompanied magma generation. The absence of mineral zoning and melt-

inclusion compositions that would point to precursor mafic or intermediate parental melts 

indicates that the partial melting was the major mechanism of felsic magma generation for the 

40 ka Mendeleev caldera eruption. This magma was composed of rhyolitic melt mixed with 

mafic products of the amphibole breakdown reaction, which together resulted in a magma with 

dacitic composition. During the latest stages of magmatic evolution, minor amounts of 

plagioclase and quartz crystallized directly from the residual rhyolitic melt, which ascend from 

source region to the shallower part of 3.0–4.5 km depth. 

The “mafic” clots in the Ikezuki magma indicate a significant influence of more 

primitive magmas. But it remains unclear whether this was partial melting of more primitive 

crustal rocks or whether the mafic assemblages are xenoliths from the parental melt, the 

crystallization of which led to the formation of Ikezuki dacites. Detailed observation of the 

distribution of mineral zoning patterns allows us to suggest that the most probable mechanism 

of Shimoyamazato magmas is the rejuvenation of Ikezuki magmas due to the strong influence 

of hotter magmas, and further migration the colder reservoir. Thus, magmas of both eruptions 

were distinct. The process was not accompanied by significant mixing and hybridization of 

newly formed magmas. Before the eruption, both magmas stored at 777–858°C, 87–197 Mpa 

at the similar conditions.  
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Yanagisawa magmas were generated at close P-T conditions: 790–838°C, 126–157 

MPa. Yanagisawa magmas formed by rejuvenation of crustal mush due to the injection of hotter 

primitive magmas. However, this process rather did not lead to the migration of heated portions 

to shallower part, as there is no evidence such as broad outermost zones with lower-Mg or 

lower-Ca content. That is, the erupted Yanagisawa magma was formed in situ and did not 

migrate far from place of its generation. The presence of streaky outermost zones with multiple 

zoning suggests that the same magma portions could have been heated many times. Probably, 

this is evidence of the growth of the magmatic chamber directly from the crystal mush without 

segregation of mobile portions to the shallower part. 

By fitting of diffusion profiles in orthopyroxene and quartz from the Naruko eruptions, 

time duration of the magma formation processes could be estimated. Timescales modelled 

across Yanagisawa inner boundaries suggest that formation of magma occurred within within 

15-930 years, while outermost dark rims yield 2-54 years. Titanium timescales from 

Yanagisawa quartz vary within 4-21 years of eruption. The ages peak at ∼5 years prior to 

eruption. Results for both magmas show that the processes of mobilization formation and 

magma extraction from the source (whether crustal rock melting or extraction from mush zones) 

take place over timescales ranging from decades to millennia. At the same time, the processes 

that can lead to an eruption (triggers) occur very quickly in the years or decades before the 

eruption. 

To estimate water flux within upper crust during the formation of silicic magma bodies, 

Rhyolite-melts modelling was applied. On the basis of a hypothesis that Naruko magma 

originated through simple batch crystallization of the basaltic andesite (the most primitive 

sample from the Naruko volcano)., Rhyolite-Melts modeling results suggest that the Naruko 

rhyolites can be obtained by 70% crystallization of basaltic andesite with initial concentrations 

of H2O=4.2 wt. %, CO2=0.001 wt. % and at a pressure of 1.5 kilobars. Based on the Rhyolite-

Melts results and mass balance calculation, the mass of water that could be dissolved in the 

parental magma in the final Naruko rhyolite and the part that was not dissolved in the final 

rhyolite and probably was separated as a free fluid. The parental melt contained 3.86 Gt bulk 

water content when the final rhyolite dissolved only 1.36 Gt. Thus, approximately 2.5 Gt of 

water (65 wt.%) has not been dissolved in the rhyolitic endmember but became excessive due 

to pressure limitation of water dissolution in the melt. 

For Mendeleev volcano, I considered the realistic scenario where water-unsaturated 

melts are separated from the source at 3 kbar and accumulated in a shallow chamber at pressures 
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and temperatures corresponding to the beginning of quartz crystallization. In this case, water 

saturation occurs not during generation of melts at the source, but during their uprising and 

degassing. In the pre-eruptive melt was dissolved 3.8-5.7 Gt (Mean is 4.82 Gt) of water. During 

the uprising of melt from the source to the pre-eruptive magma body, degassing occurred and 

provide water excess of 1.03-5.34 Gt (18-53 wt% of initial mass). In both considered cases, the 

amount of released water is comparable to the amount which is dissolved in the final pre-

eruptive melt (in terms of orders).  
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Analytical methods 

Whole-rock analyses (XRF and ICP-MS) 

Major- and trace-element compositions of the pumice rocks from Mendeleev volcano 

were determined by X-ray fluorescence (XRF) analyzes using a Thermo Fisher ARL-9900 XL 

instrument and by inductively coupled plasma–mass spectrometry (ICP–MS) using a Finnigan 

Element-2 mass spectrometer at the Center for Multielement and Isotopic Study of the Institute 

of Geology and Mineralogy, Siberian Branch of the Russian Academy of Science, Novosibirsk, 

Russia. Loss on ignition for XRF analyses was determined by heating rock powder in a dry 

furnace at 950 °C in the air atmosphere for 2 h.  

Whole-rock major and minor element composition for Onikobe and Naruko were 

obtained using WDS X-ray (Rigaku 25X Primus IV) and ED–XRF (PANalytical Epsilon 5)) 

spectrometers at Tohoku University, Sendai, Japan. For the WDXRF analyses of major 

elements, samples were prepared using the glass disk method. Six grams of rock powder for 

each sample were heated at 105 °C for 2 h to remove moisture. Glass disks were prepared using 

a mixture of 5.4 g of flux (a mixture of LiBO2 49.5%, Li2B4O7 49.5%, and LiBr 1%) and 0.6 g 

of each heated sample in a muffle furnace at 1050 °C. The glass disk was irradiated using X-

rays from an Rh anode tube with 75 kV acceleration voltage and 8 mA beam current. Loss on 

ignition (LOI) values were estimated by keeping the samples at 950 °C for 2 h. 

For EDXRF analyses, samples were prepared using the powder pellet method for minor 

elements. A polyvinyl chlorite ring sample holder 3 cm in diameter and 0.5 cm thick was used 

to make the pellet. Each pellet was pressed at 150 MPa and ≥ 200 MPa for 5 min for each press 

(Yamasaki, 2018). An acceleration of voltage 75 kV and a beam current of 8 mA were used to 

measure V, Cr, Co, Ni, Cu, and Zn, whereas Rb, Sr, Y, and Zr were determined using an 

acceleration voltage of 100 kV and a beam current of 6 mA. The standard samples used for the 

WDXRF and the EDXRF measurements were from the GSJ Igneous Rock Series and 26 

geological and environmental standard reference materials (Yamasaki et al., 2018).  

Mineral chemistry (EPMA) 

Identification of growth zoning in single phenocrysts and analysis of glomerophyric 

cluster textures in Mendeleev mineral assemblage were carried out in carbon-coated epoxy 

pellets and thin sections by EDS scanning electron microscopy (SEM) using a TESCAN MIRA-

3 LMU field-emission electron microscope at the Center for Multielement and Isotopic Study 

of the Institute of Geology and Mineralogy SB RAS. Major-element compositions for mineral 
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identification were obtained by energy-dispersive spectrometry using an Oxford Instruments 

X-Max 80 detector. The spectra were processed using INCA Energy 450+ software. Samples 

were measured using an accelerating voltage of 20 keV and a beam current of 1 nA. 

Precise mineral compositions for Onikobe, Naruko and Mendeleev calderas were 

determined using an WDS electron microprobe analyzer (EPMA; JEOL JXA-8200) at the 

Graduate School of Environmental Studies, Tohoku University, Japan. For all mineral analyses, 

we used an accelerating voltage of 15 kV, a beam current of 12 nA, and a focused electron 

beam size of <1 μm. Natural and synthetic standards were used for calibration (wollastonite for 

Ca and Si, corundum for Al, rutile for Ti, eskolaite for Cr, hematite for Fe, manganosite for 

Mn, periclase for Mg, albite for Na, potassium feldspar for K, and halite for Cl). The counting 

times for peaks and backgrounds were 10 and 5 s, respectively. Calibration precisions were 

assessed by conducting analyses on secondary standards using commercial mineral standard 

SPI #02753. 

Melt inclusion chemistry (EPMA) 

To obtain precise data on the compositions of melt inclusions and groundmass (GM) 

glass, we used multiple-beam conditions during single-spot EPMA analysis. Glass 

compositions were determined using an accelerating voltage of 15 kV and a defocused electron 

beam size of 10 μm. Major elements (Na, Ca, K, Si, and Al) were analyzed using a 4 nA beam 

current, which prevents extensive Na loss during hydrous silicate glass analysis (Morgan & 

London, 2005). Minor elements (Ti, Fe, Cr, Mn, Mg, and Cl) were analyzed at 20 nA to reach 

lower detection limits and better accuracies of measured contents. The counting times for peaks 

and backgrounds were 10 and 5 s, respectively for the major elements and 30 and 15 s for the 

minor elements. Calibration precisions were assessed by conducting analyses on secondary 

standards using Smithsonian microbeam standard glasses (Jarosewich et al., 1980). 
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Table A1. Summary of repeated analyses of a secondary standards by EPMA 

EPMA (JEOL JXA-8200) at the Gradute School of Environmental Studies, Tohoku University, Japan  
SiO2, 
wt% 

TiO2, 
wt% 

Al2O3, 
wt% 

Cr2O3, 
wt% 

FeO, 
wt% 

MnO, 
wt% 

MgO, 
wt% 

CaO, 
wt% 

Na2O, 
wt% 

K2O. 
wt% 

Cl, wt% Total 

Kaersutite 
            

Repeated 
analysis 

(average), N=10 

39.91 5.17 12.44 na 12.33 0.17 12.67 11.46 2.51 1.13 na 97.78 

1σ 0.26 0.24 0.17 - 0.33 0.03 0.31 0.15 0.06 0.05 - 
 

Reference value 
recommended 
for SPI#2753-

29 

 

40.09 

 

5.04 

 

12.36 

 

na 

 

12.23 

 

0.18 

 

12.55 

 

11.56 

 

2.44 

 

1.17 

 

na 

97.60 

Cr-Diopside 
            

Repeated 
analysis 

(average), N=7 

54.69 0.10 na 0.61 1.29 na 17.32 25.64 0.39 na na 100.05 

1σ 0.39 0.02 - 0.09 0.08 - 0.20 0.12 0.10 - - 
 

Reference value 
recommended 
for SPI#2753-

16 

54.59 0.10 na 0.50 1.39 na 17.14 25.50 0.44 na na 99.66 

Plagioclase 
            

Repeated 
analysis 

(average), N=12 

54.29 0.10 28.75 na 0.43 na 0.10 11.92 4.34 0.37 na 100.31 

1σ 0.43 0.04 0.17 - 0.05 - 0.05 0.18 0.09 0.02 - 
 

Reference value 
recommended 
for SPI#2753-

35 

54.21 0.07 28.53 na 0.37 na 0.13 11.80 4.35 0.41 na 99.87 

Rhyolitic glass 
VG-568 

            

Repeated 
analysis 

(average), N=12 

76.59 0.09 12.13 na 1.16 0.027 0.03 0.51 3.64 4.74 0.10 99.02 

1σ 0.31 0.004 0.14 - 0.09 0.005 0.01 0.06 0.11 0.09 0.02 
 

Reference value 
recommended 
for Rhyolitic 
glass USNM 

72884 VG-568 
from 

(Jarosewich et 
al., 1980)1 

 

76.71 

 

0.12 

 

12.06 

 

na 

 

1.23 

 

0.03 

 

<0.1 

 

0.5 

 

3.75 

 

4.89 

 

0.13 

 

99.42 

Notes: bdl - below detection limit; n.a.=not analyzed 
1. Jarosewich, E., Nelen, J.A. & Norberg, J.A. (1980). Reference Samples for Electron Microprobe 
Analysis. Geostandart Newsletters 4, 43–47. 
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Volatile elements (SIMS) 

Contents of H2O, CO2, S, F, C, and P were measured by secondary ion mass 

spectrometry (SIMS) using a IMS-1280HR instrument (CAMECA, France) at the Kochi 

Institute for Core Sample Research, JAMSTEC. SIMS analyses were performed before EPMA 

to avoid carbon contamination (Rose-Koga et al., 2021). A 20 keV (10 keV at the ion source 

and 10 keV at the sample surface) 300–500 pA Cs+ ion beam was defocused onto a 10 μm2 

area. Secondary ions were accelerated at 10 kV, and the transfer optics were set at 200× 

magnification. A primary beam was defocused to a 10-15-μm spot on the surface, and 

secondary ions from the 5 × 5 μm area in the center were transmitted to the ion optics, to 

eliminate secondary ion signals from surface contamination and the edge of the primary beam. 

The 16OH−, 12C−, 19F−, 32S−, 35Cl−, and 31P− signal intensities were measured using a magnetic 

peak switching method and normalized with 30Si−.  The calibration lines were obtained from a 

set of silicate glass standards reported in (Shimizu et al., 2017; Shimizu et al., 2022). EPR-G3 

basalt glass standard was reanalyzed for stability control during all analytical sessions 

(Supplementary Table A2). Relative standard deviations are 0.8% for H2O, 3.6% for CO2, 2% 

for F, 0.9% for P2O5, 0.8% for S and 1.3% for Cl contents (Shimizu et al., 2017). The detection 

limits of glass H2O, CO2, F, P2O5, S, and Cl contents derived from the 3σ deviation of pure 

quartz glass were 12, 3, 0.1, 2, 0.1, and 0.05 ppm, respectively (Shimizu et al., 2017). 

Table A2. Summary of repeated analyses of a secondary standard by SIMS 

SIMS (IMS-1280HR, CAMECA, France) at the Kochi Institute for Core 
Sample Research, JAMSTEC, Japan 

 H2O, 
wt% 

CO2, 
ppm 

Cl, 
ppm 

S, 
ppm 

F, 
ppm 

P2O5, 
wt% 

Basaltic glass EPR-G3        

Repeated analysis 
(average), N=10 0.23 253 166 1268 146 0.15 

1σ 0.002 4 2 4 1 0.001 
      

  

Reference value 
recommended for glass 

EPR-G3 from (Shimizu et 
al., 2017)1 

0.22 173 158 1269 147 0.16 

Notes: bdl - below dection limit; n.a.=not analyzed 
1. Shimizu, K., Ushikubo, T., Hamada, M., Itoh, S., Higashi, Y., Takahashi, E. & Ito, M. (2017). H2O, 
CO2, F, S, Cl, and P2O5 analyses of silicate glasses using SIMS: Report of volatile standard glasses. 
Geochemical Journal 51, 299–313. 



 

Melt inclusion homogenization experiments 

A significant part of this study is focused on the study of melt inclusions. However, MIs 

in Onikobe and Naruko deposits are partially or entirely crystallized and are unsuitable for 

studying the composition of the trapped melt. To homogenize MIs, we performed experiments 

at a given pressure and temperature. Experiments on the homogenization of inclusions were 

carried out only with inclusions in quartz. MIs in plagioclase and orthopyroxene were not 

homogenized for fear of loss of volatiles during the experiment because these minerals are 

potentially much worse container for volatiles than quartz. However, inclusions in pyroxene 

often do not show significant post-homogenization crystallization and can be used for analysis 

without additional experiments. Thus, this study presents the results of the study of 

homogenized MIs in quartz, inclusions in orthopyroxene that were not homogenized and 

groundmass glass.  

Homogenization experiments were performed using a cold seal pressure vessel at 

Tohoku University (Okumura et al., 2019). Quartz crystals were put into a welded Au tube. In 

the experiments, we first increased temperature and pressure, and then the Au tube was set to 

the hotspot of the furnace using a filer rod, which is movable in a pressure vessel using an outer 

magnet (Matsumoto et al., 2023 in press). All the experiments were conducted at a temperature 

of 835°C under a pressure of 140 MPa. The temperature is chosen according to the results of 

experiments on MIs homogenization at atmospheric pressure in the Lincam1500 stage. The 

pressure was set at 140 MPa, based on amphibole barometry.  

The experiments were carried out for 2 and 5 h. The homogenization result for 2 h 

showed that not all large MIs in quartz (more than 100 μm) have time to homogenize. In the 

experiment with a duration of 5 h, most MIs homogenized.  
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Supplementary material  

Table S2.1. Whole rock composition (XRF and ICP) 

  Pumice from caldera-forming pyroclastic flow Syncaldera Extrusion Dome 

 KY-18-01 KY-18-03 KY-18-04 KY-18-05 KY-18-07 KY-18-08 KY-18-09 

SiO2, wt% 66.19 65.36 66.34 66.04 71.22 71.77 73.12 

TiO2, wt% 0.57 0.55 0.53 0.57 0.42 0.44 0.44 

Al2O3, wt% 14.52 14.30 14.50 14.62 12.97 13.03 13.38 

FeO, wt% 4.16 4.41 3.99 4.22 3.10 3.28 3.19 

MnO, wt% 0.12 0.11 0.12 0.12 0.08 0.08 0.08 

MgO, wt% 1.13 1.08 1.01 1.12 0.67 0.78 0.70 

CaO, wt% 4.22 4.14 4.08 4.21 2.99 3.06 3.03 

Na2O, wt% 3.68 3.49 3.69 3.61 4.00 4.06 4.10 

K2O. wt% 1.01 0.95 0.96 0.92 1.11 1.12 1.05 

P2O5, wt% 0.11 0.10 0.10 0.10 0.06 0.07 0.06 

LOI 3.70 4.70 3.93 3.81 3.16 1.54 0.72 

Total 99.49 99.28 99.34 99.43 99.88 99.33 99.96 

Rb, ppm 9.8 10.4 10.1 11.1 11.8 12.7 9.9 

Ba, ppm 262.6 261.1 271.1 267.8 317.0 319.5 341.3 

Th, ppm 1.0 1.0 1.0 1.1 1.5 1.6 1.7 

U, ppm 0.4 0.4 0.5 0.5 0.6 0.6 0.7 

Nb, ppm 1.1 1.0 1.0 1.0 1.2 1.2 1.2 

Ta, ppm 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

La, ppm 6.0 5.8 5.8 5.8 6.9 7.1 7.6 

Ce, ppm 15.4 15.2 15.7 15.6 18.2 18.7 19.5 

Pb, ppm 15.1 11.3 11.2 13.2 13.9 12.2 12.0 

Pr, ppm 2.4 2.3 2.4 2.4 2.8 2.9 2.9 

Sr, ppm 203.4 204.3 202.2 200.5 151.1 154.6 159.8 

Nd, ppm 12.2 12.0 12.1 12.2 14.1 14.5 14.6 

Sm, ppm 3.8 3.6 3.7 3.8 4.2 4.2 4.0 

Zr, ppm 102.7 100.8 103.0 102.5 130.5 133.5 138.8 

Hf, ppm 2.8 2.8 2.9 2.9 3.9 3.8 4.0 

Eu, ppm 1.1 1.1 1.2 1.2 1.0 1.0 1.1 

Gd, ppm 4.4 4.5 4.5 4.4 5.1 5.3 5.2 

Tb, ppm 0.7 0.8 0.8 0.8 0.9 1.0 0.9 

Dy, ppm 5.3 5.5 5.7 5.5 6.3 6.6 6.4 

Y, ppm 35.8 34.6 35.5 36.2 41.0 41.3 41.2 

Ho, ppm 1.3 1.3 1.3 1.2 1.5 1.4 1.5 

Er, ppm 3.9 3.7 3.8 3.8 4.4 4.4 4.3 

Tm, ppm 0.6 0.6 0.6 0.6 0.7 0.7 0.7 

Yb, ppm 4.0 3.9 3.9 4.0 4.4 4.7 4.8 

Lu, ppm 0.6 0.6 0.6 0.6 0.7 0.7 0.7 
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Table S2.2. Phenocrysts modal abundances in Mendeleev pumice 
 

 Pumice from caldera-forming pyroclastic flow Syncaldera Extrusion Dome 
 

KY-18-01 KY-18-03 KY-18-04 KY-18-05 KY-18-07 KY-18-08 KY-18-09 

% Plag 16.7 16.5 18.5 16.7 not analyzed 18.9 21.2 

% Opx 3.6 3.6 3.0 1.9 
 

1.9 1.5 

% Cpx 4.8 3.3 2.8 2.9 
 

1.9 1.4 

% Qu 1.0 0.5 0.5 0.7 
 

7.5 9.1 

% Oxides 2.4 1.9 1.4 1.2 
 

0.6 0.8 

% Groundmass 71.6 74.2 73.9 76.6 
 

69.2 66.0 
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Table S3.1. Naruko and Onikobe whole-rock composition (XRF) 
Deposit Ikezuki (Onikobe caldera) Shimoyamazato (Onikobe caldera) 

Description Unit 1. Strongly welded tuff. 
Bottom part 

Unit 2. 
Strongly 

welded tuff. 
Middle-upper 

part 

Unit 2. Medium 
welded tuffs. Upper 

part 

Pumice. Bottom 
part 

Pumice. Upper 
part 

Sample # 7 3 
glass 

7 4 
glass 

7 3 
Pellet 

7 4 
Pellet 

8(1) 
glass 

8(2) 
Pellet 

9 
Pellet 

10 
Pellet 

10 
glass 1glass 1pellet 2glass 2pellet 

SiO2, wt% 70.65 72.14 74.40 74.90 73.70 74.07 73.89 74.67 70.52 74.93 73.61 75.71 74.82 
TiO2, wt% 0.50 0.56 0.33 0.32 0.52 0.28 0.31 0.29 0.60 0.36 0.24 0.39 0.23 

Al2O3, wt% 14.17 14.60 13.96 13.74 14.51 13.20 13.53 14.46 15.46 13.19 11.79 12.80 11.40 
FeO, wt% 3.66 4.31 2.32 2.73 4.47 3.13 2.47 2.49 4.48 2.05 1.92 2.26 1.80 
MnO, wt% 0.08 0.12 0.07 0.18 0.12 0.12 0.10 0.09 0.12 0.07 0.09 0.08 0.09 
MgO, wt% 0.91 1.05 0.29 0.32 0.88 0.28 0.26 0.23 1.02 0.39 0.25 0.45 0.23 
CaO, wt% 3.57 3.76 3.36 3.30 3.61 3.18 2.85 2.69 3.84 2.43 2.23 2.29 1.99 
Na2O, wt% 4.20 4.24 4.66 4.38 4.30 4.61 3.87 4.02 3.94 4.16 3.82 4.08 3.88 
K2O, wt% 1.35 1.28 1.35 1.35 1.41 1.40 1.64 1.22 1.05 1.72 1.68 1.72 1.73 
P2O5, wt% 0.08 0.09 0.15 0.14 0.08 0.15 0.09 0.17 0.08 0.06 0.12 0.06 0.07 

Total 99.2 102.2 100.9 101.4 103.6 100.4 99.0 100.3 101.1 99.4 95.8 99.8 96.2 
LOI              2.65  2.55   

                      
V, ppm     29 25   32 35 43     19   18 
Cr, ppm    bdl bdl   bdl bdl bdl     bdl   bdl 
Ni, ppm    5.3 4.9   4.9 5.6 4.8     5.0   5.0 
Rb, ppm    31 32   30 33 25     35   37 
Sr, ppm    178 177   175 171 185     152   137 
Y, ppm    39 36   45 40 36     45   45 
Zr, ppm    144 146   135 146 159     165   182 
Nb, ppm    4.9 4.9   4.9 4.6 4.9     5.0   6.0 
Ba, ppm    376 383   408 354 305     397   414 
Co, ppm    5.1 6.9   8.4 6.3 7.0     4.1   3.6 
Cu, ppm    10 10   11 9 10     10   7 
Zn, ppm    56 56   52 51 49     68   64 
As, ppm    1.3 2.2   4.8 1.8 1.0     3.0   3.3 
Sn, ppm    1.0 1.5   1.2 1.6 1.9     2.1   1.6 
Sb, ppm    0.2 0.4   0.4 0.5 0.6     0.5   0.4 
Cs, ppm    1.2 2.1   1.3 1.6 1.0     1.9   2.0 
La, ppm    12 12   12 12 12     13   14 
Ce, ppm    27 29   27 27 32     30   30 
Pr, ppm    2.5 2.9   4.4 3.2 4.1     2.9   2.9 
Nd, ppm    16 14   16 14 14     17   18 
Pb, ppm    11 12   9 12 11     18   15 
Th, ppm     3.6 3.8   3.0 3.4 3.4     4.4   4.8 

*bdl – below detection limit  
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Table S3.1. Naruko and Onikobe whole-rock composition (XRF) (Continue) 
Deposit Yanagisawa (Naruko caldera) 

Description Pumice. Bottom part.  Pumice. Middle part Pumice. Upper part Ash layer. 
Upper part. 

Sample # 1-3  
Yan 

1-3 Pumice 
Yan 

1-3 
All 

4 1 
glass 

4 2 
glass 

4 
pellet 

8-
yan  

1-1 
Yan P 

1-1 
Yan all 

1-1 
Yan P 

7-
yan  

1-2 Yan 
Ash 

SiO2, wt% 74.53 77.68 73.42 74.37 74.72 73.53 71.05 77.15 75.17 76.47 72.21 73.63 
TiO2, wt% 0.34 0.22 0.28 0.34 0.36 0.27 0.24 0.15 0.19 0.14 0.22 0.26 

Al2O3, wt% 12.62 11.73 12.14 13.15 13.61 12.70 10.79 11.36 11.68 11.30 10.82 11.92 
FeO, wt% 2.83 1.65 2.02 1.94 2.16 1.90 1.66 1.34 1.83 1.33 1.64 2.09 
MnO, wt% 0.07 0.09 0.09 0.07 0.07 0.09 0.07 0.07 0.07 0.08 0.09 0.08 
MgO, wt% 1.00 0.16 0.70 0.45 0.52 0.35 0.23 0.03 0.27 0.04 0.06 0.45 
CaO, wt% 1.66 1.93 2.19 2.23 2.39 2.14 2.03 1.17 1.34 1.13 1.82 1.70 
Na2O, wt% 3.14 4.17 3.60 4.13 4.17 3.81 3.46 3.06 2.81 3.02 3.58 3.52 
K2O, wt% 1.64 1.41 1.40 1.54 1.51 1.42 1.57 2.25 2.11 2.29 1.80 1.71 
P2O5, wt% 0.08 0.05 0.07 0.02 0.02 0.08 0.05 0.04 0.04 0.04 0.07 0.06 

Total 97.9 99.1 95.9 98.2 99.5 96.3 91.2 96.6 95.5 95.8 92.3 95.4 
LOI      3.05 3.05             

                     
V, ppm 49 10 33     23 25 6 7 3 9 28 
Cr, ppm 20 60 27    bdl 25 4 5 20 bdl 9 
Ni, ppm 23.9 25.9 14.8    5.0 16.3 11.1 10.9 14.3 10.0 15.0 
Rb, ppm 33 31 29    35 36 36 36 37 37 37 
Sr, ppm 118 131 165    129 129 97 115 93 138 124 
Y, ppm 39 38 32    32 32 58 52 58 46 42 
Zr, ppm 133 184 141    171 167 189 179 182 191 176 
Nb, ppm 6.0 5.6 4.8    6.0 5.5 7.3 6.6 7.5 6.1 5.4 
Ba, ppm 338 393 332    414 404 475 450 477 419 420 
Co, ppm 7.1 2.1 3.6    4.0 2.6 0.7 2.5 0.7 1.8 3.8 
Cu, ppm 15 9 12    9 8 7 8 7 7 11 
Zn, ppm 84 55 67    54 51 74 84 76 64 67 
As, ppm 9.9 3.2 3.5    3.8 4.4 2.4 1.9 3.1 4.0 4.6 
Sn, ppm 2.0 1.7 1.4    1.8 2.0 2.1 2.1 2.1 1.8 1.5 
Sb, ppm 2.1 0.8 0.6    0.4 0.8 1.0 0.7 1.0 0.8 0.7 
Cs, ppm 1.0 1.8 1.6    2.6 2.2 1.8 1.9 1.7 1.5 2.3 
La, ppm 11 12 11    13 11 17 16 17 12 13 
Ce, ppm 24 26 23    29 25 38 35 38 29 28 
Pr, ppm 3.4 3.7 3.3    2.5 1.9 4.2 3.4 2.3 2.2 3.6 
Nd, ppm 13 14 13    12 11 20 19 21 16 16 
Pb, ppm 19 11 12    14 13 13 12 12 15 13 
Th, ppm 4.3 4.7 4.8     5.2 5.6 6.5 6.2 6.6 5.6 5.1 

*bdl – below detection limit
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