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General introduction 

 

Magmatism is global Earth process and indicator of inner activity of our planet. Many types of 

volcanoes exist and located on different plate boundaries (Fig. 1). Convergent type of the 

tectonic plate is also known as a destructive plate boundary (or subduction zone). In subduction 

zone, lithospheric plate has moved to the other plate and subducted material circulated in the 

global Earth`s cycle. Subduction zone produces new continental crust and island arcs. As a 

result of pressure, friction, and plate material melting in the mantle, earthquakes and volcanoes 

are common near convergent boundaries. Because the strongest eruptions with high volcanic 

magnitude are dominant in subduction zone, the study of arc volcano is very important.  

Process of magma genesis and evolution is very complicated and includes many events. 

In the root zones, primary magma with specific geochemical features is generated by partial 

melting. During ascending of magma diapir in the crust, numerous processes of magma 

evolution exist, e.g. magma mixing, fractional crystallization, assimilation, degassing and etc. 

After eruptions, petrologists analyze pyroclastic material of volcano in order to recognize deep 

Earth process of magma formation and evolution. On the basis of the comparison with the 

volcanoes from different geodynamic settings, researcher can understand special process of 

magma genesis. 

Circum Pacific “Ring of Fire” is the largest convergent boundary on the Earth. Single 

massive oceanic plate which called Pacific plate forms 75% of active volcano on the Earth 

(Schmincke, 2005). The Pacific Plate contains an interior hot spot forming the Hawaiian 

Islands, toward to moving plate hot spot formed Hawaii Emperor Seamounts chain (Fig. 2). On 

the NE part of Pacific “Ring of Fire” rates of moving tectonic plate is 8~9 cm/year (Minster 
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and Jordon, 1978). This is one of the faster rate for moving tectonic plate in convergent 

boundaries.  

 

 

 

 

 

 

 

Fig. 1. Different types of tectonic boundaries and generated sources of magmatism. 

 

 

 

 

 

 

 

Fig. 2. Geodynamic setting of North, North-Eastern part of circum Pacific "Ring of Fire".  Red 

squares show areas for detailed studies. (Google Earth) 
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The Aleutian arc reflects subduction of the Pacific plate beneath the North American plate. 

It extends 3,000 km from the Kamchatka Peninsula in the west to the Gulf of Alaska in the east. 

Oblique type of the subduction produce rocks with adakite signature (Yogodzinski et al., 2001; 

Yogodzinski et al., 2015). Western boundary of Aleutian Arc connected to Kamchatka by 

transform faults and formed arc-arc junction (Fig. 1).  

The Kamchatka peninsula is located at the NE convergent boundary of the Eurasian and 

Pacific plates (Fig. 2). Volcanic activity on Kamchatka dates back to the Cretaceous. The 

current plate-tectonic configuration, however, formed only in the Late Miocene to Early 

Pliocene (Churikova et al. 2001). Plateau basalts, partly with intra-plate characteristics, were 

erupted from only in the Late Miocene to Early Pliocene. The northern termination of volcanic 

activity at Shiveluch volcano is related to the Aleutian-Kamchatka triple junction (Yogodzinski 

et al., 2001). Here the plate boundary changes from convergent in the south (Pacific-Eurasia) to 

strike-slip motion in the north (Pacific-North America). Quaternary arc volcanism on 

Kamchatka recognize from east to west three parallel to the trench: 1. The Eastern Volcanic 

Front (EVF): 2. The Central Kamchatka Depression (CKD) with Klyuchevskaya Group: 3. The 

Western Volcanic zone of the Sredinny Ridge (Fig. 3).  

The Kurile volcanic archipelago stretches for 1150 km a width from 100 to 200 km from 

Kamchatka (Russia) to Hokkaido (Japan). The system develops at the convergent plate 

boundary between the overriding Okhotsk lithospheric block and the subducting northwestward 

Pacific plate. The Kurile island arc is a classical Mariana type subduction system (Stern, 2002), 

which consists the Kurile–Kamchatka trench, the Greater Kurile volcanic islands, and the 

Kurile Basin. The Greater Kurile island arc and Southern Kamchatka started to develop in the 

Early Miocene or Oligocene (Avdeiko et al., 2007). By Baranov et al. (2002) back-arc 

spreading of Kurile Basin was predominant in the Miocene. However since Late Miocene 
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compression of the basin started and continues currently. The Kurile Arc is divided into 

northern, central and southern segments (Fig. 4).  Obtained segments are different by thickness 

of crust, distance to crust, angle of plate and geochemical features (Kimura, 1986; Zlobin et al., 

1987; Avdeiko et al., 1992; Syracuse et al., 2006). Across arc variations identified by enriched 

incompatible elements, LILE and LREE and depleted of the HFSE, HREE from front to back 

arc zone (Bindeman, Bailey, 1999; Ishikawa, Terra, 1997; Martynov et al., 2010). Additionally 

along arc variations was observed with increasing K and another incompatible elements 

(Fedorchenko et al., 1989; Antonov, 2006; Dril et al., 2005; Martynov et al., 2010). 

Kuril-Kamchatka Arc formed by single massive subducted Pacific plate. However, 

generated geodynamic settings for all volcanoes are different. Consequently, in order to study 

process of magma genesis and evolution we should concentrate on the most complicated area, 

where geodynamic conditions for produce magma change significantly. Representative 

dissertation includes two objects of investigation. One is Klyuchevskoy volcano. This is the 

voluminous arc`s volcano in the Earth, with basic magma composition. In case of arc-arc 

junction Klyuchevskoy volcano is the best candidate for study deep process for magma 

formation and evolution. Another object of study is northern Kurile volcanoes, which located 

on the transition zone between continental Kamchatka arc and island arc of Kurile Island arc. 

Main aim of this dissertation is study process of magma genesis and evolution in 

complicated geodynamic settings on the example of Kurile-Kamchatka arc. Main purposes are 

follow: (1). using modern high-precious analytical methods to get data of contents major, trace 

elements and isotopic compositions, (2) to recognize process which are formed different types 

of primary magmas, study process of magma evolution, (3) to investigate spatial variations of 

different types of magma in space and time. Investigation of magma genesis in complicated 
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geodynamic settings are very important for recognize inner activities of the Earth and for 

protect people from natural disasters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Tectonic setting of Kamchatka. Red point shows locations of Klyuchevskoy volcanic 

group. (Churikova et al., 2001) 
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Fig. 4. Tectonic setting of Kurile Island Arc. Square shows studied area. 
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Klyuchevskoy volcano, Kamchatka arc  
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Part I. Geochemical studies on time-series samples from the Klyuchevskoy 
volcano, Kamchatka arc 

 

Abstract 

The generation and evolution of mafic magmas were investigated for the Klyuchevskoy 

volcano in the Kamchatka arc, which is one of the most active arc volcanoes on the Earth. The 

eruptive products show significant variations in their whole-rock compositions (51.5–55.6 

wt.% SiO2), and they can be divided into low-K and high-K groups on the basis of the K/Zr 

ratios. The high-K samples are characterized by relatively higher SiO2 and Ba and lower Al2O3 

contents than the low-K samples, and the high-K magmas cannot be derivative from the low-K 

magmas through crustal processes. In most of the evolution of the volcano, the low-K magmas 

were dominated, and the high-K magmatism was mostly limited to 1932-1966 AD. In the 

individual groups, Mg-rich samples (>9 wt.%) are present, and their petrological features 

suggest that they represent primary or near primary magmas. The low-K and high-K primary 

magmas are estimated to have been generated though ~13.6% and ~11.8% melting of the 

depleted MORB-source mantle, respectively, by influx of slab-derived materials into the 

melting region. Considering the constraints of multi-component thermodynamics, the low-K 

primary magma is estimated to have been generated in the source mantle with 0.7 wt.% H2O at 

~1265°C and ~1.6 GPa, although the generations conditions for the high-K magma cannot be 

estimated. The slab-derived materials had high Ba/La ratios, as well as high Th/Yb ratios; they 

are considered to have been supercritical liquids. The slab-derived materials for the high-K 

magmas are suggested to have been more enriched in melt component than those for the low-K 

magmas, and they are likely to have been released from the subducting slab at deeper levels 

than those for the low-K magma. Therefore, the initiation of the high-K magmatism at ~1932 
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AD suggests that it was triggered by the influx of a new batch of slab-derived materials 

transported from the subducting slab. After the generation of the magmas, the low- and high-K 

magmas are suggested to have evolved through assimilation and fractional crystallization in the 

middle ~ lower crust.  
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Chapter 1. Introduction 

 

The Kamchatka arc is located at the NE convergent boundary of the Eurasian and 

Pacific plates, below which the Pacific plate subducted at the rate of~9 cm/year (Geist and 

Scholl, 1994). Volcanic activity of Kamchatka dates back to the Cretaceous, however, the 

current plate-tectonic configuration formed only in the Late Miocene to Early Pliocene 

(Churikova et al., 2001). The plate boundary changes from convergent in the south (Pacific-

Eurasia) to strike-slip motion in the north (Pacific-North America). The present volcanisms are 

concentrated in three zones parallel to the trench: the Eastern Volcanic Front (EVF), the 

Central Kamchatka Depression (CKD), and the Sredinny range (SR), from east to west (Fig. 1-

1). The depth to the subducting slab is 90-110 km (EVF), 180-200 km (CKD) and 300-400 km 

(SR) (Gorbatov et al., 1997). Chemical composition show systematic variations from the 

volcanic arc front at Komarovsky volcano to the back-arc at Ichinsky volcano, and indicate the 

involvement of distinct sources (Churikova et al., 2001). Several parameters have mainly 

affected to the across-arc geochemical zonation; variably depleted and enriched mantle sources, 

the fluid flux from the slab to the mantle wedge and variable degrees of melting (Fig. 1-2).  

In this study, we investigate the origin of temporal geochemical variations of erupted 

materials from the Klyuchevskoy volcano, located in the Central Kamchatka Depression. This 

volcano is well known to be one of the most active arc volcanoes in the world, and has erupted 

frequently even in the last 10 years; 2005, 2007, 2008-2009, 2009-2010, 2011, 2012-2013, 

2013, and 2015 AD.  The Klyuchevskoy volcano is also characterized by the underlying 

subduction of the Hawaiian-Emperor seamount chain. Therefore, as the cause of the 

exceptional magma productivity, a high flux of slab-derived fluids from the thickened oceanic 
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crust has been proposed (Dorendorf et al., 2000), while Portnyagin et al. (2007) also suggested 

an additional role of mantle upwelling associated with detachment of the subducted slab 

fragment (Fig. 1-3). Because of the interest in the remarkable magma production of the 

volcano, many petrological and geochemical studies have been carried out (e.g., Khabynaya et 

al., 1993; Kersting and Arculus, 1994; Dorendorf et al., 2000; Ozerov, 2000; Churikova et al., 

2001; Auer et al., 2009; Mironov and Portnyagin, 2011; Kayzar et al., 2014). Most of these 

studies have divided the eruption products into high-MgO basalts and high-Al2O3 basalts (Fig. 

1-4), and the genetic relationship between the two types of magmas has been discussed. 

Although some researchers have contended that the high-Al2O3 magma can be derivative from 

the high-MgO magma (e.g., Kersting and Arculus, 1995; Ariskin et al., 1995; Khubunaya and 

Sobolev, 1998; Ozerov, 2000; Mironov et al., 2001), others attributed the difference in the 

geochemical features of the two magmas to the source mantle processes (e.g., Dosseto et al., 

2003; Auer et al., 2009).  

To understand the origin of the evolutional history of the Klyuchevskoy volcano, it is 

essential to elucidate the genetic relationship among different magma types with distinct 

geochemical features. Therefore, we obtained high-quality geochemical data of time-series 

samples (from ~3500 BP to 2014 AD). Our data, along with literature data (from ~7000 BP to 

~3500 BP; Auer et al., 2009), were then classified into two groups by a different category from 

that of the previous studies. We show that there must have been at least two different types of 

primary magmas with distinct K2O content, and on this basis, the origin of the temporal 

variation in magma compositions is discussed. 
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Fig. 1-1. General plate tectonic position of the Kamchatka (Churikova et al., 2001). 

 

 

Fig. 1-2. Schematic model showing features of magma genesis under Kamchatka (Churikova et 

al., 2001). 
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Fig. 1-3. SiO2 variations of Klyuchevskoy magmas through time. Modified after Portnyagin et al. 

(2009). Yellow field indicate intensive mantle flux. 

 

 

 

Fig. 1-4. MgO vs. Al2O3. Classification lones of Klyuchevskoy rocks (Ozerov et al., 2000). 
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Chapter 2. Tectonic setting and general geology of Klyuchevskoy volcano 

 

2.1. Tectonic setting of Central Kamchatka Depression 

 

The Central Kamchatka Depression (CKD) is a ca. 100km-wide valley between two 

volcanic belts, the Sredinny Ridge (SR) and the Eastern Volcanic Front (EVF) in the middle of 

the Kamchatka Peninsula. According to Churikova et al. (201X), the CKD is situated directly 

at a triple junction area (Fig. 1-5) where the Pacific, Bering and Okhotsk plates come together 

and convergence changes from a southwest-northeast direction to the northwest-southeast 

trending Aleutian-Bering-Alfa transform fault zone. Several different tectonic processes have 

been proposed for this area (Fig. 1-6): (1) slab window opening (Yogodzinski et al., 2001), (2) 

detachment of fragments from the Pacific plate (Levin et al., 2002), (3) slab edge heating in the 

mantle wedge due to decreasing thickness of the Pacific plate to the north of the Emperor 

Faults (Davaille and Lees, 2004; Portnyagin et al., 2007 a), and (4) a large input from slab 

melting (Portnyagin et al., 2007 b). Churikova et al. (201X) suggests that all of these processes 

could result in or contribute to the observed massive and voluminous mafic volcanism at CKD, 

which makes it one of the most volcanically active places on Earth.  

Portnyagin et al. (2007a) suggest that the Pacific plate would bend toward the 

Kamchatka-Aleutian junction, and depths to the subducting slab beneath the CKD should be 

variable (80–180 km) in this area. Since the crustal thickness beneath the CKD is relatively 

constant (30–35 km) (Balesta et al., 1981), the mantle wedge thickness (i.e., “mantle column” 

beneath a volcano) decreases substantially towards the slab edge. The length of the mantle 

column, which can be potentially involved in magma generation, decreases from ~ 65 km 

beneath Tolbachik to ~55 km beneath Shiveluch volcano. 
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Fig. 1-5. Tectonic setting of Aleutian-Kamchatka Arc junction (Yogodzinski et al., 2001).   

 

 

Fig. 1-6. Geodynamic model of Aleutian-Kamchatka junction and deep mantle flow (Levin et 

al., 2001). 
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2.2. Volcanoes of Central Kamchatka Depression and their temporal evolution 

 

  The Central Kamchatka Depression (CKD) is divided into northern (2000 km2) and 

southern (6500 km2) parts by Kamchatka River (Fig. 1-7). Northern CKD includes active 

Shiveluch volcano and extinct Kharchinsky, Zarechny volcanoes. Southern CKD include four 

active volcanoes: Klyuchevskoy, Bezymianny, Plosky Tolbachik, and Plosky Dalny (Fedotov 

and Masurenkov, 1991). The other 10 are extinct, including Kamen, Plosky Blizhny, Sredny, 

Ostry Tolbachik, Ovalnaya Zimina, Ostraya Zimina, Bolshaya Udina, Malaya Udina, Gorny 

Zub and Nikolka (Churikova et al., 201X). Klyuchevskoy, Kamen and Bezymianny volcanoes 

and the Ploskie Sopky massif are located on a large plateau of basalt-basaltic andesite 

composition with an elevation about 1500 m.  

 By Churikova et al., (201X) the sequence of activity that is repeated as several CKD 

volcanoes includes initial formation of volcanic plateaus, followed by constraction of 

stratovolcanoes and then monogenetic fissure systems (Fig. 1-8). The most plateau lavas were 

erupted ~262-274 ka. Recent geochronologic studies show that the basement to Tolbachik 

formed at 86 ka (Churikova et al., 2014) and at Shiveluch volcano about 82 ka. The youngest 

KGV volcanoes, Klyuchevskoy and Bezymianny, started to grow only at 7 ka (Braitseva et al., 

1995) and 5.5 ka (Braitseva et al., 1991), respectively and are still highly active.  
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Fig. 1-7. Volcanoes of CKD. 

 

Fig. 1-8.  Age-distribution diagram for CKD volcanoes. Data from Churikova et al., 201X. 

25



2.3. Geology of Klyuchevskoy volcano and characteristics of activities 

 

2.3.1. General geology 

 

The Klyuchevskoy volcano (4750 m) is mainly composed of basaltic and andesitic lava 

flows and pyroclastic deposits (Fig. 1-9).  

Basement of the volcano consists of volcanic and sedimentary deposits with layers of 

sands, ashes, breccias, volcanic conglomerate, bombs (Paleogene~Neogene), ashes and plateau 

basalts of late-Neogene~Pleistocene, and Pl-phyric basaltic and andesitic lavas (Vlodavets and 

Piip. 1957; Zavaritsky, 1935). 

The volcano has been developed on the extinct Kamen and Ploskie Sopky volcanoes in 

the last 7000 years to form a main stratovolcano. It repeated  explosive and effusive eruption on 

the summit and the flank, and there formed numerous amount of cinder cones and lava flows 

(Fig. 1-10). Diameter of central crater is approximately 700 m. Shape of crater vary frequently 

by eruptive activities and erosion process.  
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Fig. 1-9. Photograph of Klyuchevskoy volcano. 

 

 

Fig. 1-10. Klyuchevskoy volcano with numerous cinder cones. 
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2.3.2. Prehistorical activities 

 

The Klyuchevskoy volcano repeated flank eruptions since at least 3500 BP (Braitseva 

et al., 1995). In present time, number of cinder cones are more than 80. Most of the cinder 

cones concentrated on eastern slopes with the altitude of 500-3600 m (Fig. 1-11). According to 

the Atlas of Kamchatka (1974), CKD was formed by extension forces and main regional faults 

extended in NE direction. The cinder cones of Klyuchevskoy volcano located nearly on these 

faults (Melekestsev et al., 1974). 

Some of the cones are partly destroyed (Fig. 1-12), and old lava flows has been covered 

by younger ones (Fig. 1-13). However, most of the cones keep good-shapes and we can easily 

detect them on the slopes.  
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Fig. 1-11. Gelogical map of Klyuchevskoy volcano. Made by E. Klimenko. 
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Fig. 1-12. Cinder cone of prehistorical eruption (2750-2100 BP). 

 

Fig. 1-13. Cinder cones named Ochki which are formed 600-400 BP. 
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2.3.3. Historical activities 

 

Historical activities started since 1697 AD. Before 1932 AD, eruptions of 

Klyuchevskoy volcano were concentrated on the top of volcano. However, eruption style of the 

volcano had changed since 1932 AD (Fig. 1-14, 1-15). After a strong earthquake, a new flank 

eruption occurred and flowed down lava flows (Fig. 1-16, 1-17, Kulakov, 1934). The summit 

eruptions usually coexisted with the flank eruption after the eruption (Appendix, Table 1). The 

volcano repeated voluminous eruptions during 1932-1945 AD, and eruption rate is high 

compared with other stages, The altitude of flank eruption continuously goes up to the summit 

until 1989 AD. After strong, paroxysmal eruption of Klyuchevskoy volcano in October 1994 

AD, volcanic activities concentrated on the top of volcano. 

New effusive eruptions formed scoria cone in the central crater on the top of the 

volcano in 2003-2005 AD. Voluminous lava flows and explosive eruption has changed the 

shape of the central crater. Altitude of volcano has also changed to 4850 m.  

Stronger eruptions started on 15th August 2013 AD (Fig. 1-18). Seismic tremor 

increased and light was observed on the top. Since 26th September, new lava flows streamed to 

east-southern slopes. Ash falls were observated in October. Colomn of ash clouds ascended to 

7-8 km. According to Girina et al. (2014), new flank eruption began in October 2013 AD.  

Late in 2014 AD, KVERT reported that both the abundance and the magnitude of 

shallow volcanic earthquakes began to increase during 19-20th December 2014 AD and again 

on 31st December 2014 AD; tremor became constant. The volcano was cloaked in clouds 

during 31st December 2014 AD to 1st January 2015 AD, but KVERT judged that a 

strombolian eruption probably began on 1st January 2015 AD, which is consistent with a 

satellite thermal anomaly. On 2nd January 2015 AD, the Aviation Color Code rose from Green 
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(normal) to Yellow (which is a sign of elevated unrest). During the course of January 2015 AD 

the volcano resumed frequent eruptive activity and that month KVERT issued ~15 VONAs for 

Klyuchevskoy. The eruption stopped on 24th March 2015 AD and any later events after 6th 

April 2015 AD extend beyond the current reporting period (www.kscnet.ru, 

www.volcano.si.edu). 

Average productivety of Klyuchevskoy volcano is 60 million tons/year and is believed 

to be the most productive arc volcano on Earth (Fig. 1-14). 

 

 

 

 

 

Fig. 1-14. Productivity of Klyuchevskoy volcano in historical time by Fedotov et al., 2005.  
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Fig. 1-15. Scheme of location historical cinder cones. Map wsd used from Google Map.  
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Fig. 1-16. Lava flows of Tuila flank eruption in 1932-1933.  

 

 

Fig. 1-17. Lava flows of Bilyukai flank eruption in 1938. 
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Fig. 1-18. Activity of Klyuchevkoy volcano in day and night. 12th October, 2013. (Girina et al., 

2014). 
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Chapter 3. Samples and analytical procedures 

 

In this study, we have collected ~250 samples that span from ~4000 BP to 2014 AD in 

eruption ages. The sampling localities are shown in Fig. 1-11. The whole-rock compositions 

were determined for all these samples using X-ray fluorescence (XRF) spectrometry (Fig. 1-

19). We have also determined the trace element concentrations by an inductively coupled 

plasma mass spectrometer (ICP–MS), and Sr, Nd, and Pb isotopic compositions by a multiple 

collector (MC)–ICP–MS and a thermal ionization mass spectrometer for selected samples.  

Whole-rock major and trace element compositions were determined by XRF 

spectrometry, using a Spectoris MagiX PRO at the Graduate School of Science, Hokkaido 

University. Rock specimens were crushed to coarse chips 3–5 mm in diameter. The chips were 

rinsed with deionized water in an ultrasonic bath, and then dried at 110°C for more than 12 h. 

The washed chips were ground using an alumina puck mill. The compositions were determined 

on glass beads prepared by fusion with anhydrous lithium tetraborate (10:1 sample dilution).  

 Concentrations of additional trace elements were measured for selected samples using 

an ICP–MS, Thermo Electron X-series. Both the analytical reproducibility and the precision of 

natural samples are commonly better than 5% for most elements. The analytical procedures for 

chemical separation followed the methods of Pin et al. (1994) and Noguchi et al. (2011) for Sr, 

Pin et al. (1994) and Pin and Zalduegui (1997) for Nd, and Kuritani and Nakamura (2002) for 

Pb. Sr and Nd isotopic ratios were determined with a TIMS, Finnigan MAT262, and a MC–

ICP–MS, Neptune plus, Thermo-Finnigan, at the Graduate School of Science, Hokkaido 

University. Mass fractionation factors for Sr and Nd were internally corrected using 86Sr/88Sr = 

0.1194 and 146Nd/144Nd = 0.7219, respectively. Pb isotopic ratios were measured using the 

same MC–ICP–MS. Mass fractionation for Pb isotopes was corrected using Tl as an external 
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standard. Additional corrections were performed by applying a standard bracketing method 

using NIST987, JNdi-1, and NIST981 for Sr, Nd, and Pb isotopic analysis, respectively, and 

the data were finally normalized to 87Sr/86Sr = 0.710214 for NIST 987, 143Nd/144Nd = 0.512117 

for JNdi-1, and 206Pb/204Pb = 16.9424, 207Pb/204Pb =15.5003, and 208Pb/204Pb = 36.7266 for 

NIST981 (Kuritani and Nakamura, 2003). The isotopic ratios of the GSJ standard JB-3, 

measured in the course of this study, were 87Sr/86Sr = 0.703375 ± 10 (n = 7), 143Nd/144Nd = 

0.513065 ± 1 (n = 3), and 206Pb/204Pb = 18.2962 ± 5, 207Pb/204Pb = 15.5393± 7, and 208Pb/204Pb 

= 38.2545 ± 14 (n =5). 

 

 

Fig.1-19. Analytical methods and numer of samples. 
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Chapter 4. Petrography 

 

Lavas and scoria from the Klyuchevskoy volcano are mainly basalts and basaltic 

andesites with plagioclase, olivine, clinopyroxene, orthopyroxene, and Fe-Ti oxides 

phenocrysts (defined as >0.1 mm in diameter). The phenocryst contents of pre-historic 

eruptions are variable at 35–70 vol.%; however those of recent eruptions are 55-65 vol.% (Figs. 

1-20~22). In addition, prehistoric rocks generally contain large amounts of clinopyroxene 

phenocrysts (Fig. 1-20). The modal composition of plagioclase phenocrysts is 15-60 vol.%, 

with the maximum size of 3.8 mm. Phenocryst contents of olivine, which are up to 2.0 mm in 

diameter, are 2-10 vol.%. The clinopyroxene (2–12 vol.%) and orthopyroxene (<5 vol.%) 

phenocrysts are very large, which are up to 7.5 mm in length.  

For historical eruptions, we found some difference due to eruption age (Fig. 1-21 and 1-

22). In 1932 and 1938, Ol-bearing Opx, Cpx basaltic andesite erupted. Some of the rocks 

contain xenoliths with Ol, Opx, Cpx (Fig. 1-21, Group 1). Mineral assemblages are 

characterized by smaller amount of Pl and larger amount of Cpx, Ol. Crystals are typically 

anhedral. Honeycomb textures of Ol, Cpx and sponge sellular of Ol are observed. Phenocryst 

assemblages of Ol and Cpx usually exist. In 1945 to 1966, Opx-Cpx bearing Ol basaltic 

andesites are dominant (Pl-rich compared to other eruptions). Microcrystals of Pl, Ol, Cpx can 

be seen in groudmass (Fig. 1-21, Group 2A). Some rocks have mantle xenoliths. Some Pl 

crystals are anhedral, dusty and homey comb. Amount of mafic minerals are increasing in 

rocks of 1974-1988. Groundmass consists of small crystals of Ol and Cpx (Fig. 1-21, Group 

2B). Mantle xenoliths with assemblage of Ol, Cpx, Opx are observed. Hopper, dusty zone and 
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honeycomb structure of Pl also exist. Comparing with previous eruptions, Pl crystals are 

dominant in 1993 and 1994 eruptions (Fig. 1-21, Group 3). 

  

 

Fig. 1-20. Representative photos of prehistorical eruptions. Photos from Shimada san. 
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Fig. 1-21. Representative photos of historical eruptions. 

 

Fig. 1-22. Mineral assemblage of main stages of Klyuchevskoy volcano. Shimada san provided 

data for prehistorical eruptions.  
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Chapter 5. Geochemistry 

 

5.1. Major and trace element compositions 

 

Whole-rock major and trace element compositions of the samples, determined by XRF, 

are listed in Supplementary. The SiO2 variation diagrams for TiO2, Al2O3, MgO, CaO, and K2O 

are displayed in Fig. 1-23, and those for Ni, Y, Zr, and Ba are shown in Fig. 1-24. In the figures, 

the data of Auer et al. (2009) for older products (>3500 BP) are also shown. The samples show 

large variation in SiO2 content (51.3–55.6 wt.%). As has been reported in the previous studies 

(e.g., Kersting and Arculus, 1995; Ozerov, 2000), the products range in composition from high 

MgO–low Al2O3 to low MgO–high Al2O3; on this basis the compositions have been divided 

into “high-MgO basalts” and “high-Al2O3 basalts”. The MgO-rich samples are also 

characterized by high CaO and Ni and low SiO2, TiO2, Na2O, K2O, and P2O5, Rb, Y, Zr, and Ba 

contents. The compositions of the eruption products also show some temporal variations. The 

samples of 2950-2800 BP products have relatively high MgO and low K2O contents, and those 

of younger samples (≥1937 AD) have low MgO and high K2O content. It is notable that the 

samples of the 1932 AD eruption have relatively high K2O and MgO contents. These samples 

are also characterized by high CaO, Rb, and Ba and low Al2O3 and Y and Zr at a given SiO2 

content.  

The primitive mantle and chondrite normalized multi-element diagram for the samples 

is shown in Fig. 1-25 and Fig. 1-26. The patterns for the Klyuchevskoy samples are 

characterized by negative anomalies of Nb and Ta, and positive spikes in Sr, which are 

characteristics of subduction-zone magmas. The trace element concentrations of the Mg-rich 
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samples are lower than those of the Mg-poor (SiO2- and Al2O3-rich) samples. Prehistorical 

magma, especially for oldest rocks (2800~2950 BP), typically has lower contents of LREE 

(e.g. La, Ce, Nd, Sm). Toward to recent historical activities, magma became more enriched in 

LREE and HREE (e.g. Lu, Yb, Tm) (Fig. 1-26). 

 

Fig. 1-23. The SiO2 variation diagram for TiO2, Al2O3, MgO, CaO, and K2O of samples from 

Klyuchevskoy volcano. The data for >3500 BP are taken from Auer et al. (2009).  
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Fig. 1-24.  The SiO2 variation diagram for Ni, Y, Zr, and Ba of samples from Klyuchevskoy 

volcano. The legend is the same as Fig. 5-1-1. 

 

  

Fig. 1-25. Primitive mantle normalized multi-element concentration diagram for representative 
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samples of the Klyuchevskoy volcano. Trace element concentrations of primitive mantle are 

taken from Sun and McDonough (1989). 

Fig. 1-26. REE patterns for klyuchevskoy volcanic group. 
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5.2. Radiogenic isotopes 

 

 

Variations in Sr, Nd, and Pb isotopic compositions with SiO2 content are shown in Figs. 

1-27 a-c. The MgO-rich (SiO2-poor) samples have relatively lower 87Sr/86Sr and 206Pb/204Pb 

ratios than those of the MgO-poor samples, while 143Nd/144Nd ratios of the MgO-rich samples 

are similar to those of the MgO-poor samples, with some exceptional samples. Figs. 1-27 d-f 

also shows 143Nd/144Nd-87Sr/86Sr, 207Pb/204Pb-206Pb/204Pb, and 208Pb/204Pb-206Pb/204Pb diagrams. 

In the 207Pb/204Pb-206Pb/204Pb and 208Pb/204Pb-206Pb/204Pb diagrams, the data essentially show 

linear trend, and the MgO-poor samples have relatively radiogenic Pb isotopic compositions.  

 

 
Fig. 1-27. The Sr, Nd, and Pb isotopic compositions for samples of the Klyuchevskoy volcano.  
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5.3. Comparison of Klyuchevkoy volcano with other volcanoes in Central Kamchatka 

Depression 

 

Geochemical and isotopic comparisons were studied for volcanoes of CKD. This is 

important, because comparing volcanoes we can identify specific features of Klyuchevskoy 

volcano and temporal variations. Harker diagrams suggest that Klyuchevskoy and Tolbachik 

volcanoes characterized by more mafic and basic composition in comparing with another 

volcanoes of CKD (higher MgO contents, lower SiO2) (Fig. 1-28). Harker diagrams suggest 

that Klyuchevskoy and Tolbachik volcanoes characterized by more mafic and basic 

composition in comparing with another volcanoes of CKD. However, Klyuchevskoy volcano 

has lower contents of incompatible elements (e.g. K2O, Zr, Rb, Ba) and higher HFS (Nb, Ta). 

Sr-Nd isotopic variations of Klyuchevskoy volcano are nearly same with another volcanoes of 

CKD. In most similarities are observed with Tolbachik and Bezymianny volcanoes. However, 

some of the Klyuchevskoy rocks have lower Nd isotopic ratios (Fig. 1-29). 
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Fig. 1-28. Harker diagrams for Central Kamchatka Depression. With Using data Churikova et 

al., 2001; Churikova et al., 2013; Churikova et al., 201X; Almeetev et al., 2013, Gorbach et al., 

2013.  
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Fig. 1-29. Sr-Nd isotopic ratio of Central Kamchatka volcanoes. 

Note: MORB- Mid-ocean ridge basalt. SR – Sredinny Ridge (Churikova et al., 2001). EVF – 

East volcanic front (Churikova et al., 2001). CKD – Central Kamchatka Depression (Churikova 

et al., 2001). 
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Chapter 6. Spatial and geochemical variations of cinder cones 

6.1. Spatial variations of cinder cones 

 

The location of cinder cones and geochemical characteristics can provide important 

information about spatial variation of magma in crust. Analysis of the location cinder cones 

suggests that flank eruptions mostly are located in North-East (NE) and South-East (SE) 

sectors (Fig. 1-30). By Atlas of Kamchatka (1974) CKD was formed by extension forces. Main 

regional fault extended in NE direction. Debris avalanches of another CKD volcanoes have 

direction of deposits valley in NE sector. This is one of the additional argument to important 

role of regional fault. 

Analysis of the location historical cinder cones suggests that flank eruptions had gone 

up to the summit from 450 m to 4500 m since 1932 until 1989 (Fig. 1-31). Consequently, 

distance from central crater degrease with time. Clear dependence volume of volcanic material 

and years of eruptions are not observed. However, most effusive eruptions existed in the 

beginning of the cycle.  
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Fig. 1-30. Location of prehistorical and historical cinder cones. 

Note: N - North, E – East, S – South, W-west. 

 

 

 

 

 

 

Prehistorical (By	Yarmakov,	1968) 

Historical	(1932‐1990	AD)
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Fig. 1-31. Spatial variations of historical cinder cones. Different colors indicate following 

magmatic groups: red color is group1, dark green coloris group 2A, light green color is group 

2B, yellow color is group 3.  
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6.2. Geochemical variations of historical magma 

 

Location of cinder cones, geochemical composition and isotopic ratios can allow us 

determined several groups in historical eruptions. These groups have various year of cinder 

cones formation and specific petrographical features (Figs. 1-31~36).  

Group 1. Eruptions on the flank formed cinder cones on North-North-East, East and 

West slopes of volcano in 1932-1938. These are the most productivity eruptions in historical 

time. Fissures were formed from 200 m to 1000 m of altitude. For this group are typically 

highest Mg, Ca. Lowest Sr, Ba, Rb, Y, K2O, TiO2,Na2O. Lowest Ta-Nb min on the 

spaiderdiagram, lowest contents of HREES. 

Group 2 A include flank eruption since 1945 to 1966. Most of the cinder cones 

concentrated on East-East-North and East-Southern slopes. Altitude of cinder cones changed 

since 800-2000 m. For group 2 A and 2 B are typically Highest Zr, Cs, Rb, Ba. Higher contents 

Ta-Nb on spaider diagrams, Higher contnets of HREES. However, difference in the highest Sr, 

P2O5, Al2O3, the highest K2O allow us clearly determinate group 2 A and group 2 B. 

Eruptions in 1974 to 1990 are classificated as a group 2 B. cinder cones of this group 

erupted on South-Western slopes of volcano. On the altitude 3400-4400 m. Specific 

geochemistry features shows that composition of group 2 B have  Intermediate positions 

between 2A  and 3 groups on Sr, P2O5, TiO2. 

Group 3 include only eruptions on the summit since 1993-2013.  For this group 

typically the highest MnO, Fe2O3, Y. Intermediate positions between  2B and 1 groups on Zr, 

K2O, MgO, Na2O. 
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Fig. 1-32. Harker diagrams of historical eruptions. 
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Fig. 1-33. N-MORB-normalized trace element patterns for Klyuchevskoy historical eruptions. 
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Fig. 1-34. Dependence compoaitions of magma from altitude of eruptions. Different color 
indicate volcanic group. Detailes on Fig. 1-32. 

 

 

Fig. 1-35. Dependence compoaitions of magma from location cinder cones. Different color 
sindicate volcanic group. Detailes on Fig. 1-32.  
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Specific 
features 

Group 1 Group 2A Group 2B Group 3 

Age 1932-1938 1945-1966 1974-1990 1994-2013 

Location of 
vent 

NNE, E, W EEN-ES SW Summit 

Altitude of 
cinder cones, 

m 
200~1000 800~2000 3400~4400 ~4650 

Geochemistry 

Highest Mg, Ca. Lowest 
Sr, Ba, Rb, Y, K2O, 

TiO2,Na2O. Lowest Ta-
Nb min on the 

spiderdiagrams, lowest 
contents of HREES. 

Highest Zr, Cs, Rb, Ba. Higher contents Ta-
Nb on spiderdiagrams, Higher contents of 

HREES. 

Highest MnO, 
Fe2O3, Y. 

Intermediate 
positions between 

2B and 1 groups on 
Zr, K2O, MgO, 

Na2O. 

The highest Sr, P2O5, 
Al2O3, the highest K2O.

Intermediate 
positions between 

2A and 3 groups on 
Sr, P2O5, TiO2. 

Petrography 

Porphyric structure, huge 
mineral assemblage of 

Opx, Ol and Cpx. 
Microstructure of glass 

are crystallised by 
microcrystals of Pl. 

The largest amount of Pl 
(40-60 %), all glass are 
crystallised by Pl. The 

biggest sizes of Cpx, Ol 
and Opx. However, 

amount of mafic 
minerals decreased. 

The largest amount 
of Ol (12-15 %) and 

Opx (8-10 %). 
Length of Opx, Cpx 

and Pl are 
decreasing. 

Amount of Pl is 
large (45%), 

decreased amount of 
Cpx (3-5%). 

 

Fig. 1-36. Specific features and groups of historical eruptions. 
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Chapter 7. Discussion 

7.1. Magma types 

 7.1.1. Classification of magma types 

 

 Fig. 1-37 shows a Zr-K2O variation diagram for eruption products of the 

Klyuchevskoy volcano. In the figure, the data are scattered along the downward-sloping 

direction, as well as a upward-sloping direction. The Klyuchevskoy magmas are basalt and 

andesite in composition, and it is likely that zircon and alkali feldspar were not crystallized in 

the magmas. Therefore, the upward-sloping trend of the data can be explained primarily by 

magmatic differentiation. On the other hand, the variations in the downward-sloping direction 

cannot be explained by processes such as crystal fractionation in a crustal magma chamber and 

partial melting of the source mantle; rather, the variations are considered to reflect the 

heterogeneity in the source mantle. On this basis, the samples are divided into a low-K group 

(K/Zr <92) and a high-K group (K/Zr > 92). The K/Zr ratio of 92 is adopted so that the samples 

with more primitive features (relatively lower Zr contents) can be clearly divided into the two 

groups, although this is somewhat arbitrary. We note that the category of the “low-K” and 

“high-K” groups are not related to the traditional classification of low-K, medium-K, and high-

K series of Peccerillo and Taylor (1976). The products of the Klyuchevskoy volcano have been 

commonly divided into “high-MgO basalts” and “high-Al2O3 basalts” (e.g., Kersting and 

Arculus, 1995) using a Al2O3-MgO diagram. The relatively MgO-poor samples of both the 

low-K and high-K groups of our classification belong to the “high Al2O3 basalts”, and the 

relatively MgO-rich samples of both the low-K and high-K groups belong to the “high MgO 

basalts”. On the basis of this classification, almost all of the pre-historical samples, including 

the older samples (>3500 BP) of Auer et al. (2009), belong to the low-K group, and the 1932 
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AD products and some other historical samples constitute the high-K group.  

 According to this classification, the data are plotted on MgO variation diagrams in Fig. 

1-38. The low- and high-K samples appear to exhibit compositional trends with distinct 

features, and the low-K samples are characterized by relatively low SiO2 and Ba, and high 

Al2O3 contents compared with the high-K samples.  

 

 

                       

Fig. 1-37. The Zr-K2O diagram for the Klyuchevskoy samples, showing the division of the 

samples into low-K and high-K groups on the basis of the K/Zr ratio of 92. The data for >3500 

BP are taken from Auer et al. (2009). 
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Fig. 1-38. The MgO variation diagram for SiO2, Al2O3, K2O, and Ba of samples from the 

Klyuchevskoy volcano. The data for >3500 BP are taken from Auer et al. (2009). 
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7.1.2. Genetic relationships of two primary magmas 

It is notable that there exist two kinds of MgO-rich magmas (>9 wt.% MgO) with 

distinct K2O content (Fig. 1-39); those with low K2O content (~0.6 wt.%) and those with 

relatively high K2O content (~0.9 wt.%). The Mg#’s of olivine in equilibrium with melts with 

the same compositions as the most magnesian low-K and high-K samples (KLC-026 and KLC-

089) are calculated. Because the sub-arc upper mantle is considered to be slightly oxidized, the 

oxygen fugacity of NNO+1 (e.g., Righter et al. 2008) is assumed. In this case, the 

alphaMELTS model in MELTS mode (Ghiorso and Sack 1995; Asimow and Ghiorso 1998; 

Smith and Asimow 2005) shows that the Fe3+/(Fe2++Fe3+) ratios of the two melts are ~0.25. 

Then, the equilibrium Mg#’s of olivine are calculated to be 91.8 for low-K magma and 90.2 for 

high-K magma, using an equilibrium (Fe2+/Mg)olivine/melt distribution coefficient of 0.3 (Roeder 

and Emslie 1970). Therefore, both the MgO-rich low-K and high-K samples represent primary 

magmas or near primary magmas. According to the fractionation calculations, high-K primary 

magma cannot be produced by simple fractional crystallization of low-K one (Fig. 1-39). 

 
Fig. 1-39. Calculated fractionation paths from two primary magmas. 
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7.2. Origin of low-K and high-K primary magmas 

7.2.1. Factors controlling primary magma compositions 

 

 As discussed above, the difference in the low and high-K primary magmas are 

suggested to have originated from the mantle processes. Auer et al. (2009) showed that “high-

MgO basalts” essentially originated through melting of the source mantle through influx of 

slab-derived materials, and the “high-Al2O3 basalts” were produced by interaction of the “high-

MgO basalt” magmas with the subcontinental lithospheric mantle with high �18O, on the basis 

of water content and oxygen isotope data of the products. The primitive low-K basalts of our 

classification coincide with “high-MgO basalts” of Auer et al. (2009), but the primitive high-K 

basalts may not have been recognized by previous workers including Auer et al. (2009).  

There is now a consensus that subduction-zone magmas are generated through melting 

of the upper mantle by influx of water-rich materials released from the subducting slab (e.g., 

Ringwood 1974; Sakuyama and Nesbitt 1986; Tatsumi 1986). The source mantle for the 

subduction-zone magmas is also widely believed to depleted MORB source mantle (DMM) 

(White and Dupré 1986; Ellam and Hawkesworth 1988; Ishikawa and Nakamura 1994; Elliott 

2003, and references therein). Therefore, the compositions of the primary magmas are mainly 

controlled by parameters including the degree of melting of the source mantle, the 

compositions of the slab-derived materials, and the mixing ratios between the slab-derived 

materials and the source mantle. In these factors, the difference in the low- and high-K primary 

magmas cannot be explained solely by the difference in the degree of melting, because the 

isotopic ratios of the two primary magmas are different.  
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7.2.2. Difference of source compositions 

 

Fig. 1-40 shows a Th/Yb-Ba/La diagram in which the compositions of the low- and 

high-K primary magmas, as well as that of the DMM (Salter and Stracke, 2004), are plotted. 

Trace element ratios such as Th/Yb and Ba/La have been widely used to identify the nature of 

slab-derived materials (e.g., Hawkesworth et al., 1991; Pearce and Peate, 1995). Because Ba is 

soluble in slab-derived aqueous fluids and La, Yb, and Th are immobile in the aqueous fluids, 

the addition of the fluids to the mantle results in high Ba/La and low Th/Yb ratios of the partial 

melts. On the other hand, because sediments have high Th/Yb and low Ba/La ratios, the partial 

melt is characterized by high Th/Yb and low Ba/La ratios by addition of the melt component to 

the mantle.  

 In the figure, partial melts of the DMM have similar Th/Yb and Ba/La ratios to those 

of the DMM, because Th, Yb, Ba, and La are all incompatible elements. The Th/Yb and Ba/La 

ratios of both the low-K and high-K primary magmas are different from those of the DMM, 

suggesting that these magmas were produced by mixing of the DMM component and slab-

derived materials with distinct Th/Yb and Ba/La ratios. In addition, the low-K magma and 

high-K magma do not lie on the same line from the DMM. This observation suggests that the 

compositions of the slab-derived materials for the low-K primary magma were different from 

those for the high-K primary magma. Both the low-K and high-K primary magmas have 

relatively higher Th/Yb and Ba/La ratios. Therefore, the slab-derived materials are suggested to 

have been supercritical liquids, in which both Ba and Th are soluble (Kessel et al., 2005). The 

involvement of supercritical liquids in the source mantle beneath Klyuchevskoy was also 

suggested by Portnyagin et al. (2007). The melt-like component in supercritical liquids tends to 

increase with the slab depth from which the liquids are derived (Kessel et al., 2005). Therefore, 
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the slab-derived materials for the high-K primary magma may have been derived from deeper 

levels than those for the low-K primary magma. Comparing isotopic compositions of primary 

magmas with altered oceanic crust and sediment, slab-derived materials for low-K magma have 

been different from those for high-K magma (Fig. 1-41). This also indicates that slab-derived 

materials for high-K magma was more enriched in the sediment component.  

 

Fig. 1-40. The Th/Yb and Ba/La diagram, showing the compositions of the primary low-K and 

high-K magmas, as well as those of DMM. The compositions of DMM are from Salter and 

Stracke (2004).  

 

Fig. 1-41. Sr and Nd isotopic variations. Composition of Altered oceanic crust and sediment 

from Kimura et al., 2014.  
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7.2.3. Degrees of melting 

 

The degrees of melting are estimated for both low-K and high-K primary magmas 

according to the distribution of Ti between the source mantle and melt using the method of 

Kelley et al. (2006). Using the bulk distribution coefficient for Ti of 0.04 and the TiO2 content 

of DMM of 0.133 wt.% (Salters and Stracke 2004), as well as the TiO2 concentrations of KLC-

026 and KLC-089 of 0.78 wt.% and 0.87 wt.%, degrees of melting of 13.6% and 11.8% are 

obtained for the low-K and high-K primary magmas, respectively (Fig. 1-42).  

 

 

 

Fig. 1-42. Cacluclations of degree of melting. 
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7.2.4. Generation conditions 

 

 For Mg-rich basalts, corresponding to the primitive basalts of the low-K group of this 

study, water contents have been determined by Auer et al. (2009). They obtained 3.92 wt.% 

H2O for glass inclusions in a primitive basalt sample (KLV 5/8; 11.3 wt.% MgO), whose 

whole-rock major element compositions are essentially similar to those of KLC-026 of this 

study. Given that H2O/K2O ratios did not change significantly during magmatic differentiation, 

the H2O content of the magma is obtained as 5.1 wt.% using the K2O content of the sample of 

0.55 wt.% and the H2O/K2O ratio of the glass inclusion of 9.3. In this case, using the estimated 

degree of melting of 13.6 %, the water content of the source mantle is calculated to be 0.75 

wt.%, according to Eq. 10 of Kelley et al. (2006).  

The temperature and pressure conditions of magma generation are estimated using the 

two constraint: (1) the primary magma was generated by 13.6% melting of the DMM, and (2) 

the primary magma was in equilibrium with olivine in the source mantle, according to the 

method of Kuritani et al. (2014). First, the pressure and temperature conditions required to 

generate a 13.6% partial melt of DMM are calculated for a source water content of 0.75 wt.% 

using the alphaMELTS model in pMELTS mode (Ghiorso et al. 2002; Smith and Asimow 

2005), and the result is shown in Fig. 1-43. Then, the olivine-melt equilibria are examined for 

the calculated primary melt with a water content of 5.1 wt.% using the alphaMELTS model in 

pMELTS mode, and the calculated liquidus temperature in a temperature-pressure space is 

shown in Fig. 1-43. The temperature and pressure conditions for the Klyuchevskoy magma, 

which satisfy the 13.6% degree of melting of DMM and the equilibration of the melt with 

olivine in the source mantle, are constrained to ~1265°C and ~1.6 GPa, respectively.  
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Fig. 1-43. Estimated generation conditions for the Klychevskoy magma. The P-T conditions of 

the source mantle required to generate 13.6% partial melt with source water contents of 0.7 

wt.% (continuous lines) and the liquidus temperatures of olivine for primary magma with water 

contents of 5.1 wt.% (dashed lines), calculated using the alphaMELTS model (Asimow and 

Ghiorso 1998; Smith and Asimow 2005), are shown.  
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7.3. Origin of evolved magmas 

 

 As suggested above, the relatively Mg-poor low-K and high-K magmas were derived 

from the low-K and high-K primary magmas, respectively. As is shown in the 206Pb/204Pb-

MgO variation diagram, the low-K and high-K magmas appear to show different 

trajectories, suggesting that these magmas experienced different evolutionary processes (Fig. 

1-44). For the high-K samples, the 207Pb/204Pb ratios are essentially constant with decreasing 

MgO content from 9.5 wt.% to 5.5 wt.%, but they seem to decrease from ~18.3 to ~18.29 

with decreasing MgO content from ~5.5 wt.% to ~4.5 wt.%. Kayzar et al. (2014) shows that 

middle and lower crustal xenoliths from Bezymianny volcano, which is located only 9 km 

from the Klyuchevskoy volcano, have less radiogenic Pb isotopic compositions (206Pb/204Pb 

= 18.18-18.23) than the products of the Klyuchevskoy volcano. Therefore, the 

compositional trends of the high-K magmas may have been produced through assimilation 

and fractional crystallization in the middle ~ lower crust. On the other hand, the 206Pb/204Pb 

ratios of the Mg-poor low-K samples (<6 wt.% MgO) are higher than those of the relatively 

Mg-rich low-K samples (>8 wt.% MgO), while these samples do not form a clear 

compositional trend in the 206Pb/204Pb-MgO diagram. It is not likely that upper crustal 

materials beneath the Klyuchevskoy volcano have significantly radiogenic Pb isotopic 

composition, because they are considered to be composed of Cenozoic volcanic deposits 

(Fedotov and Masurenkov, 1991). Auer et al. (2009) suggested that the “high-Al2O3 basalt” 

magmas were produced through interaction of primitive magma with subcontinental 

lithospheric mantle, on the basis of the oxygen isotopic data. If this was the case, the high 

206Pb/204Pb features of the relatively MgO-poor low-K basalts may have been inherited from 

the subcontinental lithospheric mantle, considering that these samples essentially belong to 
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the “high-Al2O3 basalt” of Auer et al. (2009). The upper limit of the 206Pb/204Pb ratios 

appears to decrease with decreasing MgO content from ~6 wt.% to ~4.5 wt.%; these may 

suggest that the low-K magmas also evolved in the middle ~ lower crust with low 

206Pb/204Pb ratios. 

 

 

Fig. 1-44. The MgO variation diagram for 206Pb/204Pb of samples from the Klyuchevskoy 

volcano. Inferred evolution paths are shown with broken lines for each type.  
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7.4. Temporal variations of Klyuchevskoy magmas 

 

    Fig. 1-45 shows the temporal variation in the K/Zr ratios of the eruption products. 

During most of the evolution of the volcano, the low-K magmas have been dominated (Fig. 

1-45a). The occurrence of the high-K magmas was almost limited to 1932 AD–1966 AD 

(Fig. 1-45b). Interestingly, the K2O content of the high-K magmas tends to increase with 

age; from 0.9-1.0 wt.% at 1932 AD to ~1.2 wt.% at 1966 AD (Fig. 1-45c). This observation 

may suggest that the time scale of magmatic evolution for the magma with 0.9–1.0wt.% 

K2O to evolve to ~1.2 wt.% K2O in a lower crustal magma chamber was ~30 years. It is also 

notable that both low-K and high-K magmas were erupted in the 1937-1938 AD eruptions.  

 As we notice the historical activity of Klyuchevskoy volcano, summit eruptions are 

dominant since 1697 AD. However, flank eruptions started to form new cinder cones on the 

lower slopes of volcano in 1932 AD (Fig. 1-46). Futhermore, the volcano repeated 

voluminous eruptions during 1932-1945 AD (Fig. 1-47). These evidences suggest that 

eruption style and volume would be changed by injection of high-K magmas. 
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Fig.  1-45. Temporal variation of the K/Zr of the Klyuchevskoy samples (a) for ~7000 BP – 

present and for (b) 1900 AD – present, and (c) temporal variation of K2O content of the 

samples for 1900 AD – present. The data for >3500 BP are taken from Auer et al. (2009). 
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Fig. 1-46. Schematical map illustrated  abnormaly, volumneous eruptions with high-K. 

 

 

Fig. 1-47. Step diagram with high-K magmas in recently historical activities. 
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 7.5. Schematic model of magma genesis and evolution of Klyuchevskoy volcano during 

last 4000 years 

 

 The slab-derived materials for the high-K primary magma were different from those of 

the low-K primary magmas. Therefore, the appearance of the high-K type at ~1932 AD may 

reflect that this magmatism was caused by a new influx of slab-derived materials, which were 

released from the subducting slab at deeper levels than those for the low-K magmas, into the 

melting region. 

According to the detailed geochemical and isotopic study of Klyuchevskoy volcano, we 

suggest model of magmatic system of Klyuchevkskoy volcano (Fig. 1-48). The low-K magma 

has been dominated during last 4000 yrs. However, the new magma (high-K magma) became 

active since 1932 AD. The 1932 and following 1937-38 eruptions produced large volume of 

lava flows from the lower flank of volcano. After that, activity of high-K magma almost 

stopped since 1974 AD and low-K magma had been dominant in recent 40yrs.  
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Fig. 1-48.  Schematic model showing the relationship between the factors that influence on the 

observed geochemical features. (a) long time (~7000 BP – 1932 AD) magma formation by 

dehydration fluids from slab, (b) short time (1932 AD – 1966 AD) impact of enriched slab-

derived materials, (c) renewal (1974 AD – 2013 AD) of low-K magma generation with 

dehydration fluids. 
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Chapter 8. Conclusions 

 

To understand the origin of the temporal evolution of the Klyuchevskoy magmas, we 

carried out a petrological and geochemical study of basalts and andesites from the volcano, and 

reached the following conclusions:  

(1) The eruptive products can be divided into low-K and high-K groups on the basis of the K/Zr 

ratios. The low-K group has been dominated throughout the evolution of the volcano, whereas 

the activity of the high-K group was mostly limited to 1932 AD–1966 AD.  

(2) There must have been at least two different kinds of primary magmas with distinct K2O 

contents. The low-K and high-K primary magmas are suggested to have been generated though 

~13.6% and ~11.8% melting of the DMM, respectively, by influx of different slab-derived 

materials (supercritical liquids) into the melting region. The slab-derived materials for the high-

K magmas are suggested to have contained higher sediment component than those for the low-

K magmas.  

(3) The low-K primary magma is estimated to have been generated through melting of the 

source mantle with 0.7 wt.% H2O at 1265°C and at ~1.6 GPa.  

(4) The high-K magmas became active since ~1932 AD, which may reflect that the magmatism 

was caused by a new influx of slab-derived materials into the melting region. 

(5) The low- and high-K magmas are suggested to have evolved through assimilation and 

fractional crystallization in the middle ~ lower crust.  
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Part II 

 

Origin of spatial compositional variations of volcanic rocks from 

the Northern Kurile Islands, Russia: Geochemical studies of active 

volcanoes on the Paramushir, Atlasov, Antsiferov islands and 

adjacent submarine volcanoes 
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Abstract 

Although the Pacific plate has subducted beneath Kuril arc to cause intensive arc-type 

volcanism, the structure of the arc largely change from south to north. The central part of the 

arc has the oceanic crust with a back-arc basin, whereas continental crust dominates from the 

northern part of Kuril islands, continuing to Kamchatka peninsula. In order to clarify the 

structural and tectonic controls on magma genesis, new geochemical data from   10 volcanoes 

including submarine ones at the northern part of Kuril islands are presented, such as major and 

trace elements by XRF, REE and trace elements by ICP-MS, Sr-Nd isotopes by TIMS. Based 

on these data, geochemical variations are spatially investigated.  

Rocks of these volcanoes are a typical arc type one with high LIL/HFS ratios, and also 

show across-arc compositional change, such as increasing of LIL elements and L-REE toward 

the back arc zone. However, the rocks of Alaid volcano have exceptionally high Nb content (2 

– 8 ppm in basaltic rocks). According to the variation, these volcanoes can be divided into three 

zones (frontal, transitional and rear ones) and Alaid volcano. Although rocks from the 

volcanoes in three zones, such as frontal (Chikurachki, Tatarinov, Lomonosov and sub-marine 

volcano 1.3), transitional (Ebeko volcano) and rear (Fussa and Shirinki volcanoes) zones, range 

from SiO2=49 to 63 wt.% and are mainly andesite, basaltic rocks (SiO2=48 – 53 wt.%) are 

dominant in the Alaid volcano. The rocks from the frontal zone are characterized by lower 

contents of LIL elements (e.g. Rb, Ba, K), L-REE (e.g. Nd, Ce) and higher 87Sr/86Sr ratio 

(0.7031-0.7034). Toward the back-arc side, contents of LIL elements and L-REE increase 

toward the rear zone, whereas 87Sr/86Sr (0.7029-0.7031) ratios decrease. In addition to Nb 

contents, the basaltic rocks of the Alaid volcano are also characterized by highest contents of 

incompatible elements, such as Zr, Rb, Ba, Na and K. Sr isotope ratios of the rocks from each 
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volcano gradually increase with increasing of SiO2 contents, suggesting that evolved rocks 

must be affected by crustal components. Moreover, variations of incompatible elements, such 

as Zr – Rb diagram, indicate that evolved rocks cannot be produced by simple fractional 

crystallization. Thus, basaltic rocks with SiO2<55 wt.% are focused in this study to investigate 

the origin of primary magmas.  

Nb/Zr ratios (0.019 – 0.032) of the basaltic rocks from the frontal and rear zones are low 

and similar to depleted MORB source (DMM). Basaltic magmas from these two zones are 

produced by partial melting of DMM which are assimilated with subduction components. 

Considering the relationship of fluid mobile and immobile incompatible elements in 

identification diagrams, such as a Th/Yb – Ba/Th one, assimilated materials are distinct 

between frontal and rear zones; aqueous fluids at frontal zone and sedimentary melts at rear 

zone. On the other hand, the basaltic rocks of Alaid are characterized by obviously high Nb/Zr 

ratios (0.047 – 0.071), indicating that the source mantle of the volcano is slightly fertile, 

affected with OIB component. Nb/Zr ratios of the basaltic rocks from Ebeko volcano, which is 

defined as the transitional type, show slightly high value (0.022 – 0.042). The source mantle of 

the volcano might be also affected with OIB component. Considering higher LIL/HFS ratios of 

these basaltic rocks from Alaid and Ebeko volcanoes, fertile wedge mantle beneath these 

volcanoes Alaid volcano should be assimilated by subduction components. However, highest 

contents of incompatible elements of the basaltic rocks of Alaid could be explained not only by 

subduction components but also OIB component in the wedge mantle. 

 Although all of the rocks from the studied area are arc type, the wedge mantle beneath the 

area is heterogeneous. According to spatial variations of Nb/Zr ratios of basaltic rocks from 

volcanoes in Kuril islands and southern Kamchatka peninsula, the wedge mantle of these area 

is essentially DMM type. However, the mantle beneath Alaid volcano and adjacent volcanoes, 
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such as Ebeko volcano, is obviously enriched with OIB component. The upwelling of OIB 

component at the rear zone might be controlled by tectonic setting at the traditional area 

between Kuril islands and Kamchatka. In order to reveal the structure of wedge mantle and 

tectonic setting of the area, additional geochemical study for volcanoes especially from 

southern Kamchatka peninsula must be essential.  
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Chapter 1. Introduction 

 

Across and along arc variations in the composition of primary magmas were studied for 

many subduction zones, and can be related to many factors. Generation of magma are mainly 

controlled by following factors: (1) type of the convergent margin, such as: oceanic-continental 

or oceanic-oceanic with back arc basin (e.g. Sun & McDonough, 1989; Sajona et al., 1996; 

Stern, 2002); (2) geometry of the slab, for example: depth, dip, existence of large fracture zones 

or junction of plates (e.g. Bolge et al., 2009; Schuth et al., 2009; Ma et al., 2011; Haraguchi et 

al., 2012; Nakamura & Iwamori, 2013); (3) heterogeneous of the mantle wedge (e.g. Churikova 

et al., 2001; Genske et al., 2012; Shuto et al., 2013); (3) process on the subducting slab, 

namely: dehydration and involving sediment melts or slab melting (e.g. Pearce et al., 2005; 

Marske et al., 2011; Hanyu et al., 2012; Jacques et al., 2014); (4) partial melting of the mantle 

wedge (e.g. Pearce & Parkinson, 1993; Portnyagin et al., 2007; Straub et al., 2013) and (5) 

finally, there can be differences in the thickness of the crust and can affected on the process of 

fractionation or assimilation (e.g. Nakagawa, 1999; Kimura & Yoshida, 2006; Tamura et al., 

2009). All above factors differ along and across the Kurile margin. With purpose to investigate 

processes which is really important for magma genesis and evolution, we focus on the Northern 

Kurile Islands, where is the boundary between continental southern Kamchatka-Kurile arc.  
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1.1. Overview of previous works for Kurile Arc and for Southern Kamchatka 

 

There are many geochemical studies about Kurile Arc and southern Kamchatka. Avdeiko 

et al. (1991, 1992) discussed about spatial, geochemical and structural patterns of Quaternary 

subaerial and submarine volcanoes of the Kurile Island arc. Authors firstly defined two 

volcanic zones (front and rear) parallel to the trench are due to two levels of volatile separation 

from the subducting slab and hence two zones of melting. Volcanoes from volcanic front (VF) 

and rear zone (RZ) are characterized by specific geochemical, isotope and mineralogical 

peculiarity. Along-arc variations with increasing of K and incompatible elements from south to 

north, in addition to maximum concentrations on the Paramushir and Atlasov islands (i.e. 

Northern end of Kurile arc), were described. 

Ryan et al. (1995) argued that geochemical variations of Kurile volcanoes were related to 

the changes in the compositions of fluids derived from slab. Researches show that enrichments 

of Na, Ba, 10Be and LILE remained constant. These species may move in silica-rich fluids 

liberated from the slab at greater depths. 

Distributions of the fluids in the Kurile mantle wedge are researched by Ishikawa and 

Tera (1997). B/Nb and B isotope of Kurile lavas shows clear across-arc variations in which 

both are the highest at the trench side and continuosly decrease as the slab depth increasing. B 

isotope values are different among Northern, Central, and Southern Kurile Islands. Authors 

interpreted that fluid compositions were consistent with a source constituted by mainly altered 

oceanic crust and sediment, with the slight differences between NKI and Central Kuriles 

resulting from the different lithologies of subducting sediments. 

Bindeman and Bailey (1999) analyzed anorthite megacrysts from volcanic centers of the 

Kurile Island Arc. They proposed that anorthites were formed by low pressure and hydrous 
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magmas, not more than 10-15% fractionation. Crystallization can produced in the rather 

shallow magma chamber (3-8 km). The results of this study reveal linear increase or decrease 

of trace element concentrations across the arc, which can be explained by involving fluids and 

sediment melt in magma genesis. Authors suggested that various degree of partial melting had 

controlled on the magma variations across the arc. 

Dreyer et al. (2010) studied B-Be-Nd geochemical characteristic for Kurile volcanic 

rocks. Authors reported that subducted sediments were recycled across the entire arc and the 

cross-arc geochemical behavior was linked to a transition from fluid-dominated transfer in 

shallow regions to supercritical or melt-like transfer beneath the rear-arc. 

Martynov et al. (2007, 2009, 2010) argued that Sr and Nd isotopic ratio and trace element 

composition of Kurile volcanic rocks (Fig.2-1). They testify about anomalous characteristics on 

the Paramushir (in the north of the Kurile arc), Kunashir and Iturup (in the south) islands, 

which are the largest three islands of the Kurile island arc. The high K and LREE 

concentrations in the volcanic products in Paramushir Island was explained by the southward 

expansion of the mantle thermal anomaly of the Kamchatka Peninsula and the involvement of 

melts related to the melting of oceanic sediments in magma generation.  

Volynets (1994) firstly used isotope and incompatible element ratios demonstrated along 

arc variations of Kurile-Kamchatka Island Arc. Based on the geochemical data and spatial 

characteristics of volcanoes researcher defined boundary between continental Kamchatka arc 

and Kurile island arc. 

Avdeiko et al. (2006) demonstrated that present structure of the Kurile–Kamchatka 

island-arc system was controlled by volcanic belts of various ages, which developed above 

subduction zones. Authors proposed that Southern Kamchatka and Kurile were formed in the 

same time and conditions. They were generated in the mantle wedge, where water-saturated 
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peridotite melting was induced in the high-temperature zone by fluids released from the 

subducted slab. The existence of FV and RZ is related to two levels of water release from 

different hydrous minerals. Most hydrous minerals dehydrate beneath the frontal zone. The 

source of water beneath the rear zone is the dehydration of serpentine and talc. 

Duggen et al. (2007) based on the geochemistry of lavas of Mutnovsky and Gorely 

volcanoes, southern Kamchatka, suggests that degree of partial melting decreases from RZ to 

VF (Fig. 2-2). The VF slab component is inferred to be primarily a hydrous fluid eventually 

containing minor amounts of silicate melt, where the RZ slab component involves a hydrous 

silicate melts. Pb isotope and trace element data provide geochemical evidence for the pollution 

of VF magmas with RZ melt components, most likely resulting from trench-ward mantle 

wedge corner flow. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-1. Sr and Nd isotopic ratios of Quternary lavas from Kurile islands (Martynov et al., 

2010).  
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Fig. 2-2. Geodynamic model of magma genesis on Southern Kamchatka (Duggen et al., 2007).  
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1.2. Purpose of study 

 

Despite on the numerous publications, there are the problems of magma genesis of NKI. 

The high-precision geochemical data of NKI are still absent. Union model which can explains 

transition from continental to oceanic crust is non-existent. Most important questions are (1) 

how mantle components (composition of the mantle, degree of partial melting, depleted factor) 

change and (2) which subduction components (dehydration of the fluid or sedimentary melting) 

vary across and along the arc. One of the largest island (Paramushir) of Kurile Arc is located in 

the investigated area. Also, one of the biggest rear volcanoes (Alaid) are situated. These 

characteristics of this studies area indicate on the abnormal high-frequency volcanism in 

comparison with Southern Kamchatka and all others Kurile Islands. Determination of the 

causes for voluminous volcanoes which belong to nonstandard subduction conditions seem be 

interesting. 

Consequently, in this study, we will newly distinguish geochemical variations across and 

along the NKI for major, trace elements and isotope ratios. We note that this study is the first to 

present high-precision data of this region. We will focus on the processes at the mantle wedge 

and slab. Types of slab components are investigated. Using isotope and trace element variations, 

we will determinate source of the mantle and their difference across and along the arc. In order 

to clear the geochemical features of the NKI, the spatial variations of Quaternary volcanoes 

compared with the surrounding area are displayed. This result will reveal that the NKI is the 

geoshemically peculiar area. 
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Chapter 2.  Tectonic setting and general geology of Kurile Island Arc 

 

2.1. Tectonic setting of Kurile islands 

 

The Kurile volcanic archipelago stretches for 1150 km a width from 100 to 200 km from 

Kamchatka (Russia) to Hokkaido (Japan). The system develops at the convergent plate 

boundary between the overriding Okhotsk lithospheric block and the subducting northwestward 

Pacific plate. The Kurile island arc is a classical Mariana type subduction system (Stern, 2002), 

which consists the Kurile–Kamchatka trench, the Greater Kurile volcanic islands, and the 

Kurile Basin. The Greater Kurile island arc and Southern Kamchatka started to develop in the 

Early Miocene or Oligocene (Avdeiko et al., 2006, 2007) (Fig. 2-3). Accoring to Baranov et al. 

(2002), back-arc spreading of Kurile Basin was predominant in the Miocene. However, since 

Late Miocene compression of the basin started and continues until now. Kimura (1986) divided 

the Kurile arc into northeastern and southwestern parts on the basis of the trough “Boussol 

Strait” (Fig. 2-4). In the northeastern part, there exist two areas: Central Kurile and North 

Kurile by “Kruzenshtern Strait” (Fig. 2-5). Northern Kurile Islands locates between Southern 

Kamchatka and Kurile Arc. 

Using Rayleigh wave tomography Bourova et al. (2010) suggested that upper mantle of 

NE Eurasia was heterogeneous and composed of several anomalies. The mantle wedge above 

Pacific Plate is associated with low velocity anomalies on the depth from 80 to 160 km. This 

indicates on the active process of partial melting. On the NW of Okhotsk sea, Gorbatov et al. 

(2000) and Bourova et al. (2010) have determined high velocity anomaly subparallel to the 

present subduction zone. Obtained anomaly may be interpreted as a relict of the Okhotsk plate 
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subducted in the past. Manea et al. (2005) have described thermal models for Southern 

Kamchatka. Authors believed that the low velocity zone was obtained beneath the volcanic belt 

and a high velocity anomaly reflected on the cold subducted lithosphere.   

On the basis of constant convergence velocity of incoming Pacific Plate (approximately 

8.6 cm/year), the age of the oceanic crust near the Kuril–Kamchatka trench becomes older 

southward, varying from 90 to 118 Ma. The surface of the down going Pacific plate is located 

beneath the volcanic front at a depth of 94.2 km (Southern Kurile Islands) to 92 km (NKI) 

(Syracuse and Abers, 2006). The forearc basin of NKI is located in submarine ridge Vityaz. 

Among submarine mountains, the sedimentary deposits accumulates. The incoming sediment 

pile have lithology, and their chemical composition and thickness are typical for NW Pacific 

sediments (Dreyer et al., 2010).  

According to Zlobin et al. (1987), the crustal thickness varies insignificantly from 28 to 

33 km in the southern zone of Kurile Islands, from 25 to 30 km in the central zone, and from 32 

to 36 km in the NKI. Data of Dreuer et al. (2010) are agreed with previous and confirmed more 

thinker crustal thickness in the central Kuriles (10-15 km) and increasing to the north and south 

(~25 km).  
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Fig. 2-3. Spatial distribution of Cenozoic subduction-related volcanic formations in the Kurie-

Kamchatka island-arc system (Avdeiko et al., 2007). 

 

 

 

 

 

 

 

 

 

Fig. 2-4. Submarine topography of Kurile Arc (Kimura, 1986).  
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Fig.2-5. Outline of Kurile Islands and index map of Northern Kurile Islands. Kurile Islands 

divide into three regions: South, Central and North Kurile by Bussol and Kruzenshtern Straits. 
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2.2. General geology of the Northern Kurile Islands 

 

The foundation of the Paramushir, one of the largest Kuril islands, composed of 

Miocene - Pliocene pyroclastic deposits Okruglovskoy Formation and overlying rocks of the 

Pliocene - Nizhnepleystotsenovogo Levashovsky complex.  Levashovsky complex is 

represented by lava flows and dikes of andesite basalt  (Kurile Islands (nature 2004) (Fig. 2-6). 

In the Pleistocene and Holocene, blanket formed andesitic lava flows Vernadsky Ridge 

to the south-west of the Paramushir (Volcanic Group Chikurachiki, Tatarinov, University, Fuss 

Peak) and a group of volcanic islands in the north Ebeko (Fedorchenko V.I. 1989). 

According to Gorshkov (1967), glaciations during the Quaternary occured twice: first, 

in the Pleistocene, the second in the Holocene. From these data it was found that the majority 

of the volcanic structures of the northern segment of the Northern Kurile Island Arc (NKIA) 

were formed in the Pliocene-Quaternary time. 

It is also important to note that many researchers have emphasized the association of the 

volcanic centers to the regional faults, differently oriented with respect to deep-sea trench 

(Gorshkov 1967: Avdeiko, 1991). Certain patterns are observed in the spatial distribution of 

volcanoes along the arc. In accordance with the hypothesis of "hot fingers” (Tamura et al. 

2002) in the mantle wedge, there are 10 fingers on the Kuril-Kamchatka subduction system, 

and two of them are located within the Northern Kuriles (Dobretsov 2010). One is confined to 

the transverse area: Ebeko - Alaid, and the other is corresponding to the volcanoes of the 

southern part of Paramushir Is. and Sirinki volcano. 
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Fig. 2-6. Schematic map of geological structure for Northern Kurile Island Arc (Kurile Islands 

(Nature 2004). 
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2.3. Quaternary volcanoes in the studied area 

 

2.3.1. Paramushir island 

a) Chikurachki. Tatarinova, Lomonosova volcanoes 

Volcanoes Karpinsky Ridge (Chikurachki, Tatarinova, Lomonosova volcanic group one 

of the structures of the Karpinsky Ridge volcanoes) is located on the southern island of 

Paramushir (Fig. 2-7) and have a "line-nested structure" that may indicate the association of a 

single fault (Gorshkov 1967). 

Chikurachki volcano - a typical stratovolcano, composed primarily of pyroclastic 

deposits. It is based on ancient lava (Gorshkov 1967). Group volcanic Tatarinov, closely 

adjacent to the south of Chikurachki has a rather complicated structure and consists of at least 

six eruptive centers. Today's centers are located on the remains of the old, but fairly high (up to 

1400 m) volcanic edifice, destroyed much of glacial activity. In the external appearance of this 

group of glacial landforms play an important role, and only on the eastern slopes are covered 

with modern forms lavas (Gorshkov 1967). 

Group volcanic Lomonosov adjacent to the south of the volcano to an array Tatarinova, 

consists of five eruptive centers. The first of these centers is located on the border between the 

two arrays and is purely explosive no lava flows. The second cone - Mount Borisyak - is at the 

top of the crater, from which in an easterly direction for 3.5 miles down the lava flows 

Krupnoglybovye. From the south adjacent to the crater Borisyak two large cone. The first of 

these has a small crater, from which descends to the east a long lava flow (56% SiO2). At 5.5 

km from the crater, in the valley. Tuharki, he reaches the foot of the massif. Another cone - 

actually University (1681 m) - is an extrusive dome. From under the agglomerate mantle dome, 
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apparently from an old crater, now a sealed dome to the west of the lava flow down the length 

of more than 7 km. It extends almost to the shores of the Okhotsk Sea (Gorshkov 1967). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-7. Geological map of Chikurachki, Tatarinova, Lomonosova volcanic group (Gorshkov 

1967).  
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b) Fuss volcano 

Fuss Peak volcano is only single stratovolcano on Paramushir. The volcano forms a 

separate peninsula at the south-west coast of the island in a semicircle with a diameter of about 

9 km and is connected to the foothills of the low-lying isthmus Karpinsky Ridge. Fuss Peak 

forms a regular, beautiful, highly truncated cone. At the top is a crater, which is very steep 

crater with a diameter of 700 m and a depth of 300 m (Gorshkov 1967) (Fig. 2-8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-8. Geological map of Fuss volcano (Gorshkov 1967).  
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c) Ebeko volcanic group 

Ebeko volcanic group consists of Volcanoes Ebeko, Vetrovoy and Vlodavets part of 

Vernadsky Ridge. They have a "line-nested structure" (Gorshkov 1967). The volcano is a cone 

Ebeko relative height of 200-220 m (1037 m absolutly altitude), highly elongated in the 

meridional direction with three adjoining craters on top of that chain stretched from north to 

south. The dimensions of the three craters of about the same: the diameter of the ridge - about 

300-350 m, bottom diameter - about 200 m total size of the summit crater - 350 × 800 m on the 

eastern and western slopes (Fig. 2-9) are two outdoor amphitheater, representing apparently, 

the lateral explosive craters, strongly enhanced the subsequent erosion, the crater of a smaller 

size with a small lake on the northern slope (Gorshkov 1967). 
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Fig. 2-9. Geological map of Ebeko volcanic group.  
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2.3.2. Atlasova island 

a) Alaid volcano 

Alaid is the northernmost and highest island of the Kuril Islands. It is an island-volcano, 

which forms an isolated island, which rises from the basement of the Okhotsk Sea, 20 km 

north-west of the coast of Paramushir and has an oval shape in plan, ancient summit crater with 

a diameter of about 1.5 miles and destroyed much wide open on the south ridge of its well-

preserved in the form of half-rings in the northern half (Gorshkov 1967). The highest point of 

the volcano, the so-called main peak - 2339 m above sea level. m - is located in the 

northeastern part of the ridge. At the base of the cone and the bottom of its slopes are rather 

numerous small side craters (about 32) with scoria cones (Fig. 2-10). According to (Baranov et 

al. 2002) orientation of cinder cones is not random, it reflects the regional tectonic stress in the 

region may depend on actions of the Kurile back-arc basin. In historic times the volcano has 

repeatedly been active. Thus, in 1933-1934, there were lateral eruption, later known as' 

Taketomi, "which began as an underwater eruption, and then formed a small island, which 

eventually joined the land of the volcano Alaid. In 1972 there was another side eruption, which 

was named "Breakthrough of the Olympic." From 1981-1982, on the volcano there was a 

strong explosive eruption from the summit crater. Subsequently, there have been several 

publications describing the eruption of the volcano Alaid in 1981-1982.  
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Fig. 2-10. Geological map of Alaid volcano (Gorshkov 1967).  
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2.3.3. Antsiferov island 

a) Shirinki volcano 

Shirinki volcano (or Antsiferova Island) forms an isolated island, rising from the waters 

of the Okhotsk Sea, 15 km west of the Peak Fuss. It has a shape almost perfect circle with a 

diameter of 3 km. The truncated cone of the volcano rises to 761 m above sea level. The 

summit crater about 750 meters is opened to the south. In several places on the slopes of the 

cone of the crater down lava flows that reach the sea. In the eastern part of the island (Fig. 2-

11) exposed the remains of an older building with a monoclinal falling rocks to the east 

(Gorshkov 1967). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-11. Geological map of Sirinki volcano (Gorshkov 1967).  
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2.3.4. Submarine volcanoes 

a) Grigoreva volcano 

Volcano Grigorieva, or submarine volcano 1.1. (Avdeiko, 1992) rises from the depths 

of 800-850 m, and its base is merged with the base of the volcano Alaid (Bloch, 2006) (Fig. 2-

12). The dimensions of the base of the volcano up 12.5 × 15 km and 500 m isobath to - 8.5 × 

11.5 km. The top of the submarine volcano Grigorieva cut abrasion and leveled to the level of 

120-140 m, which almost corresponds to the position of sea level during the Late Pleistocene. 

In the western and southwestern parts of the peaks marked by rocky ledges, rising to depths of 

50-55 m may be they are the prepared necks, and can be formed after forming the top and 

represent a Holocene lava extrusion or small buildings (www.kscnet.ru). 

b) Submarine volcano 1.4 

Located at the intersection of the deflection Atlasov island the continuation of the 

transverse structure of the 4th Kuril basin, 80 km west of. Paramushir (Fig. 2-12). It is located 

far in the rear of the Kurile island arc at a distance of 280 km from the axis of the Kuril-

Kamchatka Trench, towering above the surrounding bottom of the Sea of Okhotsk in the 650-

700 m base his slightly elongated in a north-westerly direction and has a size of ~ 6.5 × 7 km. 

The top of the mountain is complicated by a number of peaks (Fig. 2-12). The negative form of 

relief is almost closed ring encircling the base of the volcano (www.kscnet.ru).  

c) Submarine volcano 1.3 

Located on the crest of the submarine ridge vent on the north of the north-eastern tip of 

Simushir in the 20 km from the coast. It takes an extreme position corresponding to the 

volcanic front, lying on his sharp bend. At the southern tip of the underwater ridge vent on 

99



 

Simushir Island, at a depth of 500 m, there is a flat area, marking, apparently, the center of the 

volcanic massif. The western, southern and eastern slopes of the array of abrupt slope (20-25 °), 

uneven. Judging by the nature of the wave pattern on the seismograms NSP, they are composed 

of dense volcanic rocks. Low power (up to 250-300 m) Case of precipitation appears only at 

the base of the array (Avdeiko, 1992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-12. Distribution map of submarine volcanoes. 
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Chapter 3. Sampling and analytical procedures 

 

The rock samples from seven subaerial (Chikurachki, Tatarinova, Lomonosova, Peak 

Fussa, Shirinki, Ebeko, Alaid) and three submarine volcanoes (1.3, 1.4, 1.1 or Grigoreva) was 

treated. Submarine volcanoes and Sirinki, Alaid volcanoes had been investigated by RV 

"Vulcanolog" in the 1980-1990 years. Dragging samples from Research Cruise numbers 11, 24, 

25, 34, 40 were analyzed. Volcanoes on the Paramushir Island were studied at the Kurile 

Biocomplexity project in 2007-2008. Part of the samples from historical eruptions of the Alaid 

volcano, kindly provided by V.A. Rashidov. Additionally XRF data of the volcanoes from 

southern part of Paramushir are used from Hasegawa et al. (2011). Hereinafter, submarine 

volcano 1.1 and Grigoreva are considered as “Alaid volcano” because of their similar features 

in addition to their close locations. 

Sample preparation and analyses were carried out at Hokkaido University. Major elements 

and some trace elements were determined on 220 samples by X-ray fluorescene (XRF) analysis, 

using Spectris MagiX PRO system with Rh tube. All analyses were recalculated water-free and 

with total iron as FeO. Relative standart deviations are varied since 0.01 to 0.2 % for major 

elements. Additional trace elements were analysed by inductively coupled plasma mass 

spectrometry Thermo electron X-series (ICP-MS) on 46 samples. Experimental procedure used 

by the method of Miyashita et al. (2007). The Sr and Nd isotopic ration of 33 samples were 

determined by thermal ionization mass spectrometry using a Finnigan MAT 262 following 

analytical procedures of Orihashi et al. (1998). The analytical accuracy and reproducibility in 

this study were monitored by NIST-SRM987 for Sr and GSJ-JNdI-1for Nd. The results were 

87Sr/86Sr = 0.71020788 ± 0.000032 (n=3) and 143Nd/144Nd =0.512108857 ± 0.000000971 (n=3), 

respectively. Typical internal 2 SE for analazed samples are varied since 0.0000076468 to 
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0.0000121070 for Sr and since 0.000007593 to 0.000009193 for Nd. Representative 

geochemical and isotopic compositions were listed in Appendix II. 
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Chapter 4. Petrography 

 

The volcanic rocks in this region is dominated basaltic andesite and andesite. They are 

different in the ratios of olivine, orthopyroxene, hornblende and clinopyroxene (Tables 2-1 and 

2-2, Appendix II). The Chikurachki, Tatarinov, Lomonosov volcanoes is characterized by 

olivine-clinopyroxene-bearing orthopyroxene basaltic andesite, but for some volcanic rocks 

from Lomonosov volcano include quartz and olivine, which indicates the non-equilibrium 

solidification of magma. Ebeko volcano is more basic, and their rocks are often olivine-

clinopyroxene-bearing orthopyroxene basaltic andesite. Fuss and Shirinki volcanoes are 

characterized by hornblende-bearing olivine and pyroxene-andesite. Those are only subaerial 

volcanoes of the NKI, which contain phenocrysts of hornblende. The rocks of Alaid volcano 

are typical pyroxene basaltic andesite. In the bulk rocks are characterized by olivine-bearing 

pyroxene-basaltic andesite (eruptions in 1933-1934). However, for eruptions in 1972, the 

eruptive materials often include the acid xenoliths (~ 63-72% SiO2) (Avdeiko et al., 1977). 

Except for Alaid volcano, the mineral assemblage of volcanic rocks of the NKI allowed us 

to assume the across-arc variation from the front to the rear of the island arc: Tatarinov and 

Lomonosov volcanoes are dominated by horblende-absent rocks. In contrast, Fuss and Sirinki 

volcanoes are characterized by hornblende-bearing rocks. Chikurachki and Ebeko volcanoes 

exhibit both types of rocks. The submarine volcano 1.3 and 1.4 also have two types of rocks.  
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Chapter 5. Zonation of the volcanoes 

 

On whole-rock chemistry, the silica contents of the rocks in the NKI range from 45 to 65 

wt.% (Fig. 2-13). The most of the rocks have the range about 15 wt.% in SiO2 in each volcano, 

except for Alaid. Alaid volcano are basalt and basaltic andesite. On K2O contents, they show a 

wide variation: from 0.5 wt.% of sv. 1.3 to 3.0 wt.% of Alaid at SiO2 = 55. On SiO2 vs. K2O 

plot, they draw linear trends in each volcano, except for sv. 1.4. The sv. 1.4 exhibit low-K in 

basaltic andesite and mid-K in silicic andesite. In contrast, on SiO2 vs. Nb plot, Alaid volcano 

show higher than the others extremely. 

According to the variations of petrography and whoe-rock chemistry as well as the 

location of the volcanoes, I can divide the Northern Kurile Islands into four areas: front, rear, 

Ebeko, and Alaid zones (Fig. 2-14). The frontal zone (“Front”) includes Chikurachiki, 

Tatarinov, Lomonosov and submarine volcano 1.3 (120-140 km from subducting slab). Fuss 

and Shirinki volcanoes belong to rear zone (“Rear”) (130-150 km from the subducting slab). 

Alaid volcano (160-180 km from the subducting slab) is the isolated group showing high-K and 

high-Nb features. Ebeko volcano (120-140 km from the subducting slab) should be separated 

from the previous two groups described below. Although submarine volcano 1.4 is located on 

the deep rear zone, more that 220 km from slab, chemical variations of the rocks show 

complicated: low-K and mid-K trends. Because of the complicated features, this volcano is not 

treated hereinafter. 
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Fig. 2-13. Harker diagrams of the rocks from volcanoes in the Northern Kurile Islands. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-14. SiO2 vs. K2O plot of the rocks from four groups in the Northern Kurile Islands. We 

can identify the four groups clearly. 
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Chapter 6. Geochemistry 

 

6.1. Major and trace elements chemistry 

 

On tha basis of the division of area described above, there are the distinct variations 

among four area groups (Figs. 2-15~2-16).  

The rocks of frontal and rear zones exhibit the similar silica contents (50-65 wt.%, Fig 2-

15). Frontal zone is characterized by lowest contents of incompatible elements (e.g. K2O, Rb, 

Zr, Ba) at a given SiO2. Nb contents seem to be the lowest. Some rocks show constant low 

contents of Zr with increasing silica, although another rocks typically increase Zr with SiO2. In 

contrast, rear zone is characterized by high incompatible elements (e.g. K2O, Rb, Ba). 

Andesitic rocks (53-64% wt. SiO2) of the volcanoes are characterized by highest contents of Rb 

and K2O. Some of andesitic rocks exhibit high-Ni content (Fig. 2-16). 

Ebeko volcano includes varies types of rocks, from basalt to andesite (45~64 wt.% in 

SiO2, Fig. 2-15). On andesitic rocks (SiO2 >55 wt.%), some incompatible elements of Ebeko 

volcano are similar contents to those of rear zone (e.g., K2O, Zr, Fig. 2-16). However, in Rb 

and Ba, the rocks of Ebeko volcano have the intermediate features between frontal and rear 

zones. The basaltic rocks (SiO2 <55 wt.%) seem to be similar to those of basic parts of Alaid 

volcano (e.g., FeO*, CaO, Ba), whereas Ti and Ni contents are much lower.  

The rocks of Alaid volcano are narrow in SiO2, comprising basalt and basaltic andesite 

(Fig. 2-15). They show the highest contents of incompatible elements (K2O, Rb, Zr, Ba). 

Interestingly, Nb contents exhibit much higher (exceeded 8 ppm, Fig. 2-16). They also draw 

the distinct linear trends from the others in CaO, converging at basic side of Ebeko volcano. 

Considering the N-MORB normalized plots of the mafic rocks (SiO2 <55 wt.%),  all the 
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rocks in the Northern Kurile Islands are arc-type features (Fig. 2-17). Similar to the variations 

incompatible elements in Harger diagrams, frontal zone exhibits lower LIL elements (Rb, Ba) 

and L-REE (La, Ce) than rear zone. Ebeko volcano seems to have the intermediate contents 

between frontal and rear zones. Alaid volcano show higher Nb and Ta in addition to 

LILelements and L-REE. 
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Fig. 2-17. N-MORB-normalized trace element patterns for the mafic rocks (SiO2<55 wt. %) 

from Northern Kurile Islands. Dot area shows the range of the rocks from frontal zone. Data of 

N-MORB is taken from Sun and McDnough (1989). 
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6.2. Radiogenic isotopes 

 

The volcanic rocks of Northern Kurile Islands show 0.7028-0.7034 in 87Sr/86Sr (Fig. 2-

18a). They tent to increase in Sr isotopic ratio with increasing silica content, especially more 

than 55 wt.% SiO2. The compositional range of the studied samples vary and determined across 

arc zones have specific isotopic features. Isotopic variations of the frontal zone has the highest 

value of 143Nd/144Nd and 87Sr/86Sr as 0.7031-0.7034 (Fig. 2-18b). In the opposite, rear zone and 

Alaid volcano show lower contents of 143Nd/144Nd and 87Sr/86Sr as 0.7029-0.7031. Although 

Alaid  volcano is characterized by narrow range of 87Sr/86Sr variations (0.702964477-

0.703062388), they show wider range of 143Nd/144Nd (0.51299-0.51305). Rear zone has a 

variated range in Sr isotope ratios (0.7288-0.7031), but near the same Nd isotope ratios 

(0.51302-0.51306). Range of isotopic variations of rear zones and Ebeko, Alaid volcanoes can 

be characterized as enriched mantle source. Comparing with the surrounding area, the rocks of 

Northern Kurile Islands exhibit the distinct isotopic ratios from the surrounding area: lower Sr 

and Nd isotope ratios (Fig. 2-18b). 
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Fig. 2-18. Isotopic compositions of the volcanic rocks from Northern Kurile Islands. (a) 

87Sr/86Sr vs. SiO2 plot, (b) 87Sr/86Sr versus 143Nd/144Nd. C-Kurile: Central Kurile, N-Kurile: 

Northern Kurile, S-Kam: southern part of Kamchatka. PFZ includes Gorely and Motnovsky 

volcanoes, and others include Karymsky and Kurile Lake caldera. These data of the rocks from 

the surrounding area are taken from Izbekov et al. (2004), Ponomareva et al. (2004), Duggen et 

al. (2007), Martynov et al. (2010)  and Selegman et al. (2014). Data of MORB are from Stracke 

et al. (2003). 
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Chapter 7.  Discussion 

 

7.1. Comparison with the southern Kamchatka and central Kurile islands 

 

Comparing to the surrounding area, there exists the remarkable feature of Northern 

Kurile Islands. At the mafic side in addition to the silicic side, the rock from Northern Kurile 

Islands (Rear aone, Ebeko and Alaid) show higher contents in incompatible elements than the 

southern Kamchatka as well as Central Kurile Islands (Fig. 2-19). Also, Alaid volcano exhibit 

much higher Nb content. Such incompatible-rich features of not only Alaid volcano, but also 

rear zone and Ebeko volcano, have not been reported. This is because that this study treated a 

large amount of samples with many kinds of data. Although previous study reported the data of 

Norther Kurile Islands, these wide variations cound not be found.  

Similarly, isotopic compositions of Northern Kurile Islands are also unique: low Sr and 

Nd isotopic ratios (Fig. 2-18). The variations of isotope in the Kurile arc was also investigated 

by Martynov et al. (2010). Using these new data, we should reexamined the along arc 

variations in the future. 
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Fig. 2-19. Harker diagrams form NKI and surrounding areas of Kamchatka and Kurile Arc.  

C-Kurile: Central Kurile, N-Kurile: Northern Kurile, S-Kam: southern part of Kamchatka. PFZ 

includes Gorely and Motnovsky volcanoes, and others include Karymsky and Kurile Lake 

caldera. These data of the rocks from the surrounding area are taken from Izbekov et al. (2004), 

Ponomareva et al. (2004), Duggen et al. (2007), Martynov et al. (2010) and Selegman et al. 

(2014). 
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7.2. Possibility of fractional crystallization and assimilation 

 

The volcanic rocks of Northern Kurile Islands show wide variation: from basaltic to 

silicic andesitic. This suggests that the magma evolution have been progressed by various 

situation: in sutu the magma source, generation in deeper level, and evolution in shallower 

level, i.e., in the crust. In order to reveal the relationships between geochemical fetures and 

tectonic setting, it should be important to eliminate the effect of the evolution process of 

shallower level. 

In the crust, assimilation of the crustal components is one of the popular processes of the 

magma evolution in the arc magma system. Simple diagrams of the isotope compositions vs. 

SiO2 (Figs. 2-18) help to investigate what kind process prefer in magma evolution. For example, 

if isotopic composition not change with increasing SiO2 this suggest about fractional 

crystallization as main process for magma evolution. At the case of two distinct isotopic ratios 

at a given SiO2, this mean different in source components. If increase contents of the isotopes 

with increasing SiO2, this mean that process of assimilation and fractional crystallization (AFC) 

play important role in the magma evolution.  

In a plot of Zr against Rb, most of the rocks in each groups (except for frontal zone) don’t 

draw linear trends converging zero, suggesting that these variations cannot be explained by 

simple fractional crystallization (Fig. 2-20). On Sr isotopic compositions (Fig. 2-21), the rocks 

of Northern Kurile Islands show the tendency that increase 87Sr/86Sr with increasing SiO2, as 

described above. Focusing on frontal and rear zones, more silicic samples (SiO2 >55 wt.%) 

exhibit higher Sr isotopic ratios. This indicates the possibility that andesitic rocks have 

undergone the crustal assimilation. In contrast, on Alaid and Ebeko volcanoes as well as frontal 
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and rear zones, the mafic samples (SiO2 <55 wt.%) have the lower, relatively constant in 

87Sr/86Sr within each group. This feature suggests that mafic samples are non (or less) affected 

by crustal materials. Hereinafter, only the mafic rocks, less than 55 wt.% in SiO2, are treated. 
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Fig. 2-20. Zr vs. Rb plot of the rocks from Northern Kurile Islands. Their variations in each 

group as well as among the groups cannot be explained by simple fractional crystallization. 

 

 

 

 

 

 

 

 

 

Fig. 2-21. 87Sr/86Sr against SiO2 plot of the rocks from Northern Kurile Islands. On the mafic 

rocks (SiO2 <55 wt.%), Sr isotopic ratios are distinguishable among the gourps, suggesting 

difference in source materials. 

119



 

7.3. Variation of wedge mantle 

 

Unmodified mantle represent by primary mantle before addition of the subduction 

components or processes in the crust. In determining the composition of the mantle source, we 

based on the assumption that transport of HFSE and HREE in the slab fluid are limited (Pearce 

J.A., 1983). Fluid immobile elements (e.g. Nb, Zr, Hf, Y,Yb) testify about mantle unmodified 

mantle composition (Kelley et al., 2006 ; Portnyagin et al., 2007). 

Ratios of the fluid-immobile elements and isotope ratios clear illustrate several different 

groups with various concentrations. Frontal zone has lowest contents of Nb/Yb, Zr/Y, Nb/Y 

ratios (Fig.2-22a,b). In opposite, rear zone and Ebeko volcano show relatively higher Nb/Yb, 

Zr/Y, Nb/Y than frontal zone. Alaid volcanoes are characterized by highest concentrations of 

the fluid-immobile ratios, relatively close to OIB source. In Ta/Yb vs. Th/Yb plot, we can 

identify the relative difference of source materials (Fig. 2-22c). In frontal zone, mantle source 

is depleated, similar to that of Central Kurile Islands. For Ebeko volcano and rear zone, mantle 

source is slightly enrichment, similar to that of the southern part of Kamchatka. In contrast, the 

mantle source of the rocks from Alaid volcano shows the most enrichment in the southern 

Kamchatka and Kurile Islands. Interestingly, some rocks of Ebeko volcano exhibit similar 

variation to Alaid volcano, seeming to be plotted on the extended trend of Alaid volcano. 

Ebeko volcano is located the northeastern part in the studies area, near Alaid volcano. 

Therefore, this feature might suggest the petrogenetic relationship between Ebeko and Alaid 

volcanoes, for example, mantle source beneath the northeastern end of Kurile arc is affected by 

OIB component. Incidentally, comparing to the surrounding area, the Northern Kurile Islands 

have higher effect of subduction component (see below). 
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Fig. 2-22. Ratios of fluid immobile elements for the mafic rocks (SiO2<55 wt. %). (a) Nb 

against Zr plot. Data of OIB and N-MORB are taken from Sun and McDnough (1989), (b) 

Zr/Y vs. Nb/Y plot (Fitton et al., 1997, 2003), and (c) Ta/Yb vs. Th/Yb plot (Pearce, 1983). SC: 

subduction component. 

C-Kurile: Central Kurile, N-Kurile: Northern Kurile, S-Kam: southern part of Kamchatka. PFZ 

includes Gorely and Motnovsky volcanoes, and others include Karymsky and Kurile Lake 

caldera. These data of the rocks from the surrounding area are taken from Izbekov et al. (2004), 

Ponomareva et al. (2004), Duggen et al. (2007), Martynov et al. (2010) and Selegman et al. 

(2014) 

(a) (b)

(c) 
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7.4. Variations of subduction component 

 

One of the important processes for magma genesis and variations in the arc systems is 

subduction component. As a rule, subdiction component include dehydration of the fluid from 

Altered Oceanic Crust (AOC) and/or “shallow”-subdiction component, and sediment melt fluid 

or “deep”- subduction component (Pearce et al., 2005).  

Investigation of the different types of the fluids are based on the specific features of trace 

elements. The fluid-mobile elements (e.g. Cs, Ba, U, Th, Sr) are easily transported in 

dehydration fluid. Immobile elements (e.g. Nd, Nb, Zr, Hf) come in the fluid from sediment 

melting. 

 

7.4.1. Front, Ebeko, Rear zones  

At first, I examine the variations of the rocks from frontal and rear zone, and Ebeko 

volcano, because the source mantle in these areas are relatively similar, probably depleated 

MORB mantle source.  

Ratios of the fluid-mobile/fluid immobile show that magmas in the frontal zone are 

characterized by largest concentration fluid mobile element (Fig. 2-23). This means that the 

magma was formed by a large amount of the dehydration fluids from AOC. Trend of frontal 

magma has a tendency to aqueous fluid deribed from slab fluids. In the opposite, magma from 

rear zone have largest concentration in fluid-immobile elements and trends of the variations 

near the same with sediment compositions from Kurile and Kamchatka. 

In contrast, Ebeko volcano has two kinds of features in subduction component. Some 

samples have trend like aqueous fluid dehydration from AOC, similar to frontal zone. Only one 
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sample is characterized by high concentrations Th/Yb ratio, suggesting the effect of sediment 

melts, similar to rear zone.  

Despite on fact that all volcanoes are located in one tectonic zone, subduction component 

for south and north is different. Distance from slab to the volcanoes are various (130 and 140-

150 km consequently). Corresponding to differences in distance to slab, the wide geochemical 

diapason of intermediate zone magmas have a normal across arc zonation. The volcanoes 

which located near the trench are formed by dehydration fluids, and volcanoes which located 

on farther distance relatively to trench are formed by sediment melt.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-23. Ba/Th vs. Th/Yb for mafic rocks from front, rear zones and Ebeko volcano. KAM 

SED: Kamchatka sediments, KUR SED: Kurile sediments, AOC: altered oceanic crust, data 
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from Plank and Luimir (1998). DMM: depleted MORB mantle source, data from Workman 

and Hart (2005). 

 

7.4.2. Alaid volcano 

The mafic rokcs from Alaid volcanoes also show high concentration in fluid-immobile 

elements and trends of the variations near the same with sediment compositions from Kurile 

and Kamchatka (Fig. 2-24).  However, as discussed above, the source materials of Alaid 

volcano are affected by OIB source (Fig. 2-22). OIB source also show high-Th/Yb value. On 

whole-rock chemistry, the basic rocks from Ebeko volcano show similar trend to those of Alaid 

volcano in many kinds of Harker diagrams. In the ratio plots of fluid-inmobile elements, we 

can similar features. In Th/Yb vs. Ba/Th plot, Alaid volcano seems to draw the trend between 

DMM-OIB mixed source and Basic rocks of Ebeko volcano. Summarizing these features, it is 

probable that Ebeko and Alaid volcanoes have the petrogenetic relationships. Of course, 

previous works of studied influence of subduction components on the magma genesis on the 

Southern Kamchatka and Kurile Islands indicated that magma in the rear zones and Alaid 

volcanoes was formed by sediment melts (Dreyer et al., 2010; Duggen et al., 2007; Martynov 

et al., 2010). I don’t discuss in detail here, but the identification of magma source of Alaid 

volcano is my future issue. 
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Fig. 2-24. Ba/Th vs. Th/Yb for mafic rocks from Alaid volcano. The data from the other groups 

are also shown. Data of OIB is taken from Sun and McDnough (1989). 

Basic rocks from Ebeko volcano 
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7.5. Anomalous features of Alaid volcano 

 

As discussed above, the rocks from Northern Kurile Islands show unique geoshemical 

features. These variations include many effects from mantle source as well as subduction 

component. Here, comparing to the surrounding area, spatial change of types of mantle wedge 

is exmanied. 

The variation of Th/Yb vs. Ta/Yb was used for distinguishing between primitive island-

arc rocks from depleted and enriched sources (Pearce J.A., 1983: Fig. 2-22c). The higher 

concentration in Th over in Yb can be explain by strong process of subduction input (from 

sediment melt) (Pearce et al., 2005). The highest contents of Ta/Yb ratio testify about more 

enriched mantle source. However, reference data are still not enough in Ta. Therefore, the ratio 

of Nb against Zr is used for the index of mantle source: MORB and OIB sources show low- 

and high-Nb/Zr (Fig. 2-22a). 

The geochemical map shows in Fig. 2-25. According to this result, the following features 

are recognized. In Central Kurile Islands, mantle source is more depleted (less than 0.020). 

Compared with Central Kurile Islands, Northern Kurile Islands, except for Alaid, become 

higher Nb/Zr (0.019-0.032), that is, mantle source changes to be enrichment. In contrast, at the 

far northern area, i.e., the shouthern Kamchatka, the Nb/Zr values are not so high (0.019-0.029), 

similar to those of the Northern Kurile Islands. Only Alaid volcano exhibit abnormal features, 

reaching 0.071. Some of rocks from Ebeko volcano also show the relatively high Nb/Zr (0.042), 

comparable to the lowest value of Alaid volcano.  

These features propose two conclusions. At first, the mantle wedge beneath Northern 

Kurile Islands is similar to that of the southern part of Kamchatka. Next, the mantle wedge 

beneath Alaid (and Ebeko) volcanoes is extremely abnormal, i.e., enrichment of OIB 
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component. The upwelling of OIB component at the rear zone might be controlled by tectonic 

setting at the traditional area between Kuril islands and Kamchatka. In order to reveal the 

structure of wedge mantle and tectonic setting of the area, additional geochemical study for 

volcanoes especially from southern Kamchatka peninsula must be essential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-25. Map illusttrted Nb/Zr values of the volcanic rocks in Northern Kurile Islands with 

those of the volcanoes in the surrounding area. Comparing with the surrounding area, Alaid 

volcano exhibits high-Nb/Zr significantly. 
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Chapter 8. Conclusions 

 

Quaternary volcanism of the NKI was investigated in the represented work. New high-

precision results of major and trace elements, and Nd-Sr isotopic compositions were 

determined and combined with pre-existing data. Peculiarities of whole-rock, trace elements 

chemistry, and petrography enable us to divide of all volcanoes into three main tectonic zones: 

frontal, intermediate and rear.  

Fluid-immobile elements and isotope variations suggest about heterogeneity unmodified 

mantle along and across the NKI. Unmodified mantle continuously enriched toward to southern 

rear zone, consequently more depleted magma form frontal volcanoes, but more enriched 

mantle typical fore rear volcanoes. In comparing with southern area, the mantle source of 

Ebeko volcano is more enriched. Especially, involving more enriched mantle component like 

OIB may be explained peculiarities of Alaid volcanos.  

Different types of fluids are exist. Dehydration fluid dominate in the frontal zone. Large 

amount of the sediment melting fluid are important for magma genesis in the rear zones. 

Various types of subduction components of rear zone in southern and northern area of NKI 

zone can be explained by differences in distance to slab and corresponding processes. Ebeko 

volcano exibits dehydration fluid as well as sediment melts. 

The geochemical variations across and along the NKI mainly results from (1) 

heterogeneous mantle, (2) different types of subduction components, (3) anomaly of mantle 

source beneath Alaid volcano. The small enrichment of mantle source is also found in Ebeko 

volcano. The effect of OIB component in the mantle wedge exists in the northeastern end of 

Kurile arc. 
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Appendix I 

 Table 1. Historical activity of Klyuchevskoy volcano by data 
http://www.kscnet.ru/ivs/kvert/index_eng.php; Active volcanoes of Kamchatka, 
Klyuchevskoy volcano, 1991;  Tokarev  (1989); Fedotov et al (1987); Fedotov 
et al., (2007); Ivanov (2008). 

Years 
of 

activit
y 

Type of eruptions Flank eruptions 
Volume 
of lava 
from 

summit 
eruption
s (km3) 

duration 
of the 

eruption
s 

summit, 
exposive 

summit, 
effusive  

flank 
(explosive 

and 
effusive) 

Name of flank 
eruptions 

altitud
e of 

cinder 
cones, 

m 

distanc
e from 
summit 

to 
cinder 
cones 
(km) 

Volume 
of lava 
from 
flank 

eruption
s (km3) 

1697-
1698  

                  

1720-
1721 

                  

1727-
1731  

                  

1737                   

1762                    

1767                    

1770                   

1772                    

1785                   

1788-
1791  

                  

1807                    

1812-
1813  

                  

1821                    

1829                   

1840                    

1848                    

1852-
1854  

                  

1865                    

1877-
1879  

                  

1882-
1883  

                  

1890                   

1896-
1898 

                  

1904                   

1907                    

1909-
1911 

                  

1913                   

1915                    

1922-
1923  

                  

1925-
1926  

                  

1929                    

1931                    
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Years 
of 

activit
y 

Type of eruptions Flank eruptions 
Volume 
of lava 
from 

summit 
eruption
s (km3) 

duration 
of the 

eruption
s 

summit, 
exposive 

summit, 
effusive  

flank 
(explosive 

and 
effusive) 

Name of flank 
eruptions 

altitud
e of 

cinder 
cones, 

m 

distanc
e from 
summit 

to 
cinder 
cones 
(km) 

Volume 
of lava 
from 
flank 

eruption
s (km3) 

1932     

Kirgurich - 
23.01.1932

: Tuila - 
01.06.1932
: Biokos' - 
10.1932 

Tuila 
450-
500 

20 0,09   ~1 year 

 
 

1935-
1936  

31.10.1936                 

1937-
1938 

  6.06.1937 

26.07.1937 
- Radist, 
Kamuli, 

2.10.1937 - 
Perevalny 

Radist, 
Kamuli,Pereval'ny

2500 5,7 0,0002     

1938-
1939  

    07.02.1938 Bilyukai 
1000-
1900 

11,4 0,31   
13 

months 

1944-
1945  

  
01.01.194

5 
19.06.1945 Yubileiny 

1100-
1400 

10,2 0,06 0,1 

19 days 
flank 

eruptions, 
~1 month 
summit, 
effusive 
eruption 

1946      23.10.1946 Apakhonchich 1500 6,8 0,04   29 days 

1949                    

1951      20.11.1951 A. Bylinkinoy 950 13 0,015   10 days 

1953      07.06.1953 D. Belyankin 
1300-
1400 

10,6 0,01   11 days 

1954                    

1956     27.07.1956 
V. Vernadsky, 
Kryzhanovsky 

1360-
1380 

8,4 0,08   5 days 

1958-
1959  

                  

1960-
1963  

                  

1963-
1964 

                  

1966-
1967 

    06.10.1966 B. Piip 
1900-
2100 

8 0,09   3 months

1968                    

1969-
1970  

                  

1971                   

1974     23.08.1974 
 IV National 

Volcanological 
Conference 

3340-
3600 

2,4 0,02 0,018 3 months

1978   06.1978           0,021 3 months

1980      06.03.1980 8  March  
1600-
1800 

6,9 0,0003   7 days 

1981 -
1982  
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Years 
of 

activit
y 

Type of eruptions Flank eruptions 
Volume 
of lava 
from 

summit 
eruption
s (km3) 

duration 
of the 

eruption
s 

summit, 
exposive 

summit, 
effusive  

flank 
(explosive 

and 
effusive) 

Name of flank 
eruptions 

altitud
e of 

cinder 
cones, 

m 

distanc
e from 
summit 

to 
cinder 
cones 
(km) 

Volume 
of lava 
from 
flank 

eruption
s (km3) 

1983     08.03.1983 Predskazanny 
2300-
2900 

3,3 0,07   
~4 

months 

1984 -
1985 

  
06.04.198

4 
          0,026 

18 
months 

1985 -
1986  

              0,01 5 months

1987      24.02.1987 Predvidenny 
2300-
2900 

2,8 0,0002 0,01 10 days 

1988     29.01.1988 
XXV Years 

Institute 
Volcanology 

4000 2,5 0,034 0,012 
230 days 
of flank 

eruptions

      23.02.1988 23 February 1988
4200-
4400 

  0,0015   25 days 

      14.02.1988 
14  December 

1988 
3900-
4250 

  0,005   6 days 

1989 -
1990  

    26.08.1989 Yu. Skuridin 
4100-
4400 

2 0.026   

198 days, 
flank 

eruption - 
6 months

1991                   

1993   
19.07.199

3 
            4 months

1994   
12.09.199

4 
          0,066 1 month 

1995                   

1996                   

1997                   

1998                    

1999                    

2000                   

2002                    

2003 
January-

June 
                

2004 15.01.               7 months

2005  
16.01.-
15.04. 

              3 months

2007  
15.02.-
26.07. 

18.03.200
7 

            > 1 year 

2008 
October-

December 
10.2008             3 monts 

2009-
2010  

16.09.2009
-

12.08.2010 
08.2009             <1 year 

2011 29.05.2011                 

2012-
2013 

14.10.2012
-

01.10.2013 
              1 year 

2013 
15.08.-
15.12. 

              3 months

2015 
01.01.-
24.03. 
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