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Abstract 

Contrary to the studies of arc volcanic rocks, mantle xenoliths offer a direct 

means to study mantle processes above subduction zones. The Kamchatka arc 

comprises a unique group of volcanoes that erupt veined (metasomatized) mantle 

xenoliths. The wide spatial distribution of mantle xenolith-bearing volcanoes 

spanning from the volcanic front (Avachinsky and Shiveluch, this study) to the rear-

arc (Bakening, this study) makes Kamchatka the perfect place to investigate 

metasomatic subarc processes.  

A combined study of major and trace element compositions with B contents and 

ŭ11B of metasomatic minerals in Avachinsky and Shiveluch mantle xenoliths is used 

to constrain the composition and source of fluids and melts responsible for melt-

rock reactions occurring in the subarc and rear-arc mantle. A close inspection of 

Bakening mantle xenoliths revealed that they do not contain any hydrous 

metasomatic minerals suitable for B and ŭ11B analyses. Thus, the study of 

metasomatic reactions in the rear-arc mantle at Bakening is limited here to major 

and trace element mineral compositions. 

 Multiple pulses of compositionally diverse fluids and melts derived from 

progressively deeper portions of the subducting slab percolate through the subarc 

mantle. The low B contents and negative ŭ11B of vein minerals in Avachinsky and 

Shiveluch xenoliths indicate that they are products of fluids and melts released from 

subducted and already dehydrated altered oceanic crust and, to a lesser extent, from 

serpentinite. Avachinsky and Shiveluch mantle xenoliths, however, were later 

overprinted by evolved melts in the upper crust prior to the eruption. Vein 

amphibole major and trace element compositions indicate their equilibration with 
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evolved melts similar to amphibole- and plagioclase-hosted melt inclusions in 

Shiveluch volcanic rocks (Humphreys et al., 2008). Contrastingly, Bakening 

xenoliths lack any evidence of extensive fluid-fluxing of the rear-arc mantle, which 

was instead fluxed by pyroxenite melt mixed with a small amount of carbonatite 

component.  
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Chapter 1 

Introduction  

1.1 Characteristic features of subduction zones 

Much of the volcanic activity on Earth occurs at subduction zones. Subduction 

zones are located at plate margins where the subducting (typically oceanic) plates 

descend into the mantle (Figure 1). Generation of arc volcanic rocks is attributed to 

contribution of volatiles from the hydrated subducting plate (Tatsumi, 1989). The 

top of the subducting oceanic plate consisting of sediment and altered oceanic crust 

(AOC) is hydrated by seawater that may percolate even deeper to reach the  deep 

gabbroic and/or lithospheric mantle portion of the slabs through fracture zones 

(Manea et al., 2014; McCaig et al., 2019). With ongoing subduction and increasing 

pressure and temperature, the subducting slab dehydrates and liberates volatiles that 

percolate into the overlying depleted subarc mantle. The high solidus temperature of 

dry mantle peridotite (T ~ 1460 °C at 3 GPa; Hirschmann, 2000) is dramatically 

suppressed via the addition of volatiles (T ~ 900 to 800 °C at 1.5 to 3 GPa, 

respectively; Grove et al., 2006), which facilitate melting of otherwise highly 

depleted and colder mantle wedge. 

Studies of the composition of arc volcanic rocks demonstrate that the liberated 

slab components comprise a combination of sediment melt, AOC-derived fluid, 

residual AOC melt and serpentinite fluid (e.g. Tatsumi, 1989; Elliott, 2004; Savov et 

al., 2007). Elevated contents of rare earth elements (REE), Th, Be and radiogenic Pb 
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and Sr in arc volcanic rocks are attributed to sediment melt component (Morris et 

al., 1990; Hawkesworth et al., 1997; Elliott, 2004), whereas elevated contents of 

large ion lithophile elements (LILE) and heavy 11B are attributed to AOC- and 

serpentinite-derived fluids, respectively (e.g. Elliott, 2004; DeHoog and Savov, 2018 

and references therein).  

Slab-derived fluid and melt flow that connects the slab dehydration or melting 

site with the mantle melting region occurs either via interconnected vein network 

(John et al., 2012; Pirard and Hermann, 2015; Plümper et al., 2016) or via diapiric 

rise of buoyant serpentine-dominated mélanges (Nielsen and Marschall, 2017) or a 

combination of both (Figure 1). 

 

Figure 1. Models of slab material transport in subduction zones. In A), slab-derived fluids 

and melts are transported to the mantle melting region via veins (John et al., 2012; Pirard 

and Hermann, 2015; Plümper et al., 2016) and in B), mélange diapirs made up of a mix of 

slab-derived material rise to the mantle melting region. Figure is from Nielsen and 

Marschall (2017). 
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1.2 Kamchatka subduction zone 

1.2.1. Regional geology 

The Kamchatka arc (Far East Russia) is part of the active Kuril-Kamchatka 

subduction zone located in the north-western Pacific (Figure 2). It is situated on the 

continental margin of the Eurasian plate overlying the ~ 80 Ma old (Cretaceous) 

Pacific plate subducting at ~ 7.5 to 8.3 cm/yr (Avdeiko et al., 2007). The Kamchatka 

arc comprises three volcanic belts: the Eastern volcanic front (EVF), the Central 

Kamchatka depression (CKD) and the Sredinny range (SR; e.g. Churikova et al., 

2001; Portnyagin and Manea, 2008). The Central Kamchatka depression arc 

volcanoes are shifted westward relative to those of the EVF due to shallowing of 

slab dip from the EVF (~55 °) in the south of the peninsula to the CKD (~35 °) in 

the north of the peninsula (Gorbatov et al., 1997). The Kurile-Kamchatka trench 

terminates at the junction with the Aleutian transform fault (Figure 2). 
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Figure 2. Location of the Kamchatka peninsula in the north-western Pacific (inset) and 

Avachinsky, Bakening and Shiveluch volcanoes in the Kamchatka peninsula. The Eastern 

volcanic front (EVF), the Central Kamchatka depression (CKD) and the Sredinny range 

(SR) are outlined by dashed lines. Solid lines outline depth-to-slab contours in km 

(Gorbatov et al., 1997). Modified from GeoMapApp (http://www.geomapapp.org/; Ryan et 

al., 2009). 

 

The modern Kamchatka peninsula is formed by three volcanic arc trench systems 

arranged in an en echelon manner from northeast to southwest (Figure 3):  

¶ West Kamchatka (active in the Eocene) 

¶ Mid-Kamchatka-Kurile (active in the Late Oligocene-Miocene) 

¶ Kurile-Kamchatka (active from 5 Ma ago; Avdeiko et al., 2007). 

The trench and the volcanic front moved progressively eastward to its present 

position due to collisions with Shipunski, Kronotski and Kamchatski blocks of the 

inactive Kronotski volcanic arc 10-2 Ma ago (Figure 3). Each of the respective 
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collisions caused closure of a segment of the old trench system and the formation of 

a new segment eastward. The southern boundary of the collision events is marked by 

the Avacha, also known as Malki-Petropavlovsk transverse fault zone, dividing the 

peninsula into the northern and southern segments (Lander and Shapiro, 2007). The 

SR represents an ancient volcanic front of the Mid-Kamchatka-Kurile subduction 

zone that has been active since the Miocene (Figure 4; Avdeiko et al., 2007; Lander 

and Shapiro, 2007).  

The Kamchatka arc uniquely portrays the initial and final stages in the life cycle 

of a subduction zone. The SR represents the waning stage of the older (Miocene) 

Mid-Kamchatka volcanic arc, while the EVF represents the initiation stage (Figure 

4; Avdeiko et al., 2007; Lander and Shapiro, 2007). The different stages are 

reflected in different mantle composition under the EVF and SR. The composition 

of mantle under the EVF and CKD is similar to that of depleted N-MORB whereas 

mantle composition under the SR resembles that of OIB (Churikova et al., 2001; 

Churikova et al., 2007; Volynets et al., 2010). The depleted mantle composition in 

the rear-arc of the EVF is either variably enriched with a slab component or an OIB-

like mantle (Dorendorf et al., 2000). 

Kamchatka arc volcanoes are among those otherwise very rare and sporadic 

cases, where the erupted volcanic rocks include fragments of metasomatized mantle 

xenoliths (Kepezhinskas et al., 1995; Kepezhinskas and Defant, 1996; Arai et al., 

2003; Arai et al., 2007; Ishimaru et al., 2007; Bryant et al., 2007; Halama et al., 

2009; Ionov, 2010; Ionov et al., 2011; Bénard and Ionov, 2012; Ionov et al., 2013; 

Bénard and Ionov, 2013; Bénard et al., 2017; Siegrist et al., 2019). Studies of these 

mantle xenoliths have been central to investigating across-arc metasomatic 

processes in the subarc mantle. For this study, I collected mantle xenoliths from 
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Avachinsky, Bakening and Shiveluch volcanoes (Figure 2), in addition to revisiting 

the Shiveluch mantle xenolith suite studied by Bryant et al. (2007). 

 

Figure 3. Geodynamic reconstructions of the post-Eocene Kamchatka subduction zone 

history. Legend numbers: 1 = volcanic belt, 2 = trench, 3 = transform fault, 4 = 

Grechishkin thrust suture, 5 = Pacific plate velocity vector relative to Eurasia. Figure is 

from Lander and Shapiro (2007). 
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Figure 4. Evolution history of the modern Kamchatka arc system. Figure is adapted from 

Avdeiko et al. (2007). 
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1.2.2. Avachinsky volcano 

Avachinsky volcano (Figure 5A) is located in the EVF at a depth-to-slab of ~ 120 

km (Figure 2; Gorbatov et al., 1997). The characteristic volcanic rocks erupted at 

Avachinsky comprise low-K andesites to basaltic andesites (Braitseva et al., 1995; 

Braitseva et al., 1998) that have the highest B contents and ŭ11B of all studied 

Kamchatka volcanoes (36.3 µg g-1 and + 5.58 ă; Ishikawa et al., 2001). 

Metasomatized mantle xenoliths (Figure 5B), representative of high-degree partial 

melt residues (estimated degree of partial melting = 28 to 35 %; Ionov, 2010), were 

recovered from an andesitic pyroclastic flow from the I Av stage of volcanic activity 

(7500-3700 years ago; Braitseva et al., 1998). Avachinsky peridotites have been 

metasomatized by AOC-derived melts and fluids subsequent to the high degree of 

mantle melting (Kepezhinskas and Defant, 1996; Arai et al., 2003; Arai et al., 2007; 

Ishimaru et al., 2007; Ionov and Seitz, 2008; Halama et al., 2009; Ionov, 2010; 

Soustelle et al., 2010; Ionov et al., 2011; Bénard and Ionov, 2012; Bénard and 

Ionov, 2013; Bénard et al., 2017). 
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Figure 5. A) Summit of Avachinsky volcano located at 2751 m.a.s.l. and B) large block of 

veined mantle peridotite found in ca. 4000 years old andesitic pyroclastic flow (Braitseva et 

al., 1998) located at 53Á16ô36.0ôôN and 158Á46ô38.2ôôE on the western flank of Avachinsky 

volcano. 
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1.2.3. Bakening volcano 

Bakening volcano (Figure 6A) is located in the rear-arc of the EVF at a depth-to-

slab of ~ 200 km (Figure 2; Gorbatov et al., 1997). Erupted volcanic rocks typically 

consist of dacites and andesites and numerous basaltic cinder cones are scattered 

across the Bakening volcanic field (Dorendorf et al., 2000).  

Novy Bakening (New Bakening) is one of the largest, youngest and best 

preserved dacitic cones that is known for the occurrence of mantle xenoliths, 

ranging from wehrlites (olivine and clinopyroxene) to websterites (orthopyroxene 

and clinopyroxene) and pyroxenites (Dorendorf et al., 2000). The xenoliths are 

entrained in plateau basalts (Figure 6B; Dorendorf et al., 2000) and reportedly 

originate from the plagioclase-spinel transition zone (Koloskov et al., 2017). No 

comprehensive study of Bakening mantle xenoliths exists to date. 
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Figure 6. A) View of Bakening volcano located at 2278 m.a.s.l. from our camp site. Photo 

courtesy of R. Jones. B) Mantle xenolith-bearing plateau basalts located on the north-

eastern flank of the Novy Bakening cone at 53Á56ó00.5ôôN and 158Á06ó26.4óôE. Note the 

person above the snow field for scale. 
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1.2.4. Shiveluch volcano 

Shiveluch volcano is the northernmost active volcano in the Kamchatka 

peninsula (Figure 2). It is located in the CKD at a depth-to-slab of ~ 90 km (Figure 

2; Gorbatov et al., 1997). The summit of Shiveluch volcano consists of the active 

Young Shiveluch superimposed on the flanks of the extinct Old Shiveluch volcano 

(Figure 7; Ponomareva et al., 2007; Gorbach et al., 2013).  

 

Figure 7. Photograph of the active Young Shiveluch volcano emitting a gas plume. Extinct 

Old Shiveluch crater is in the background. The foreground of Young Shiveluch is covered by 

1964 and 2005 pyroclastic deposits. Photo is from Ponomareva et al. (2007). 

 

 

Typical lavas erupted at Young Shiveluch during the Holocene are medium-K 

andesites which contain high-Mg# olivine (Mg# = 75.6 to 92.5) with Cr-spinel 

inclusions (Ponomareva et al., 2007; Nekrylov et al., 2018). These lavas possess 

typical geochemical characteristics of adakites, such as high MgO, NiO, Cr2O3 and 

Sr contents and elevated Ni/Co, Cr/V and Sr/Y (Defant and Drummond, 1990) 

relative to other medium-K andesites in Kamchatka. The origin of adakite-like 
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volcanic rocks at Young Shiveluch (Kepezhinskas et al., 1997; Yogodzinski et al., 

2001; Münker et al., 2004) has been attributed to slab melting at the Kamchatka-

Aleutian junction by upwelling of hot asthenospheric mantle (Peyton et al., 2001; 

Yogodzinski et al., 2001; Levin et al., 2005). The Pacific plate is torn by the 

Aleutian transform fault creating a slab window through which hot asthenosphere 

upwells and heats up the subducting plate underneath Shiveluch (Figure 8; 

Yogodzinski et al., 2001). 

 

Figure 8. Asthenospheric mantle flow around the subducting Pacific plate underneath 

Shiveluch. The Aleutian transform fault zone tears the subducting Pacific plate which is 

heated up by the upwelling hot asthenospheric mantle. Figure is from Yogodzinski et al. 

(2001). 

 

 

Older erupted volcanic rocks constituting the Old Shiveluch volcanic edifice 

consist of both andesites and basaltic andesites (Gorbach et al., 2013). The shift in 

magma chemistry between the Old and Young volcanic centres has been attributed 

to different source compositions of their parental magmas (a shift from fluid-fluxed 

to melt-fluxed subarc mantle; Ferlito, 2011). 
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Like Avachinsky, Shiveluch volcanic rocks also have high concentrations of B 

and positive ŭ11B ratios (24.9 µg g-1 and + 3.58 ă; Ishikawa et al., 2001). However, 

amphibole- and plagioclase hosted melt inclusions in Shiveluch volcanic rocks 

typically record higher B contents of 50 to 80 µg g-1 and can contain as much as 175 

µg g-1 of B (Humphreys et al., 2008). The high B and other fluid mobile element 

(FME) contents were attributed to the subduction of the Aleutian transform fault 

underneath the CKD (Manea et al., 2014). The transform fault exposes the lower 

oceanic crust and the upper oceanic lithosphere to seawater that may lead to 

pervasive seafloor serpentinization of large portions of the subducting oceanic plate 

including the lithospheric mantle, dehydration of which liberates volatiles and 

causes mantle melting under the CKD (Figure 9; Konrad-Schmolke and Halama, 

2014; Konrad-Schmolke et al., 2016). 

 

Figure 9. Modelled slab-derived water (A) and boron (B) release and ŭ11B of the released 

fluids (C) in Kamchatka subduction zone. The Central Kamchatka depression volcanism 

coincides with high water and B flux of positive ŭ11B derived from antigorite dehydration in 

the slab lithospheric mantle. Figure is from Konrad-Schmolke and Halama (2014). 

 

Fragments of veined mantle xenoliths were recovered from pyroclastic flow of 

the 1964 eruption (Figure 10). It has been reported that the anhydrous 



Chapter 1 

Introduction 

 

15 

 

orthopyroxene-rich veins cross-cutting the xenoliths record percolation of silica-

rich, hydrous fluids and melts through the uppermost subarc mantle whereas the 

hydrous amphibole- and phlogopite-rich veins record percolation of fluids of late-

stage magmatic origin (Bryant et al., 2007). 

 

Figure 10. Photo of Shiveluch harzburgite SH98X-16. Note the mm-scale vein cross-cutting 

the host xenolith. 

 

1.3. Rationale and overview of research questions 

In contrast to the studies of arc volcanic rocks, mantle xenoliths provide direct 

insights into the composition and the nature of metasomatic processes occurring in 

the subarc mantle. Veined ultramafic xenoliths record percolation of 

compositionally diverse melts through the subarc mantle that carry trace element 

characteristics and isotopic signatures of their sources.  

Metasomatic processes and reactions occurring in Kamchatka subarc mantle are 

investigated here via the study of volatile, fluid-mobile and trace element 

systematics of metasomatized ultramafic xenoliths from three Kamchatka arc 

volcanoes, Shiveluch, Avachinsky and Bakening (Figure 2). These three Kamchatka 
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arc volcanoes were selected on the basis of the occurrence of veined mantle 

xenoliths and their spatial distribution across arc representing a transect through 

Kamchatka subarc mantle. Shiveluch volcano is located in the CKD at a depth-to-

slab of ~ 90 km and on the track of a subducting transform fault (Figure 2; Gorbatov 

et al., 1997), Avachinsky volcano is located in the EVF at a depth-to-slab of ~ 120 

km (Figure 2; Gorbatov et al., 1997) and Bakening volcano is located in the rear-arc 

EVF at a depth-to-slab of ~ 200 km (Figure 2; Gorbatov et al., 1997). The new 

results presented here are used to challenge the existing models of subduction zone 

geochemistry (e.g. Konrad-Schmolke and Halama, 2014) and contribute valuable 

primary data of mantle volatile and FME contents and distribution under arc 

volcanic fronts. 

The aims and objectives of my thesis are: 

¶ to constrain FME and ŭ11B systematics of veined mantle xenoliths, 

¶ to determine composition and source of melts and fluids percolating through 

the Kamchatka subarc mantle, 

¶ to quantify the role of slab-derived melts and fluids on magma genesis at 

Kamchatka arc volcanoes and 

¶ to construct a transect through Kamchatka subarc mantle spanning from the 

volcanic front dominantly fluxed with slab-derived fluids at Avachinsky 

versus slab-derived melts at Shiveluch and to the rear-arc at Bakening. 

The thesis is sub-divided into six chapters, including the introductory Chapter 1 

and methodology Chapter 2. Chapter 3 presents new major, minor and trace element 

mineral compositions in Avachinsky and Bakening mantle xenoliths, which are 

described for the first time. The following research questions are addressed in 

Chapter 3: 
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¶ What is the composition of the subarc and rear-arc mantle? It is estimated 

that higher degrees of mantle melting under the volcanic front produce a 

refractory mantle residue relative to the lower degrees of mantle melting in 

the rear-arc. 

¶ Do metasomatic processes and melt-rock reactions differ between the subarc 

and rear-arc mantle? Influx of slab-derived fluids decreases with increasing 

depth-to-slab (e.g. Rüpke et al., 2004) which affects the degree of mantle 

melting and the nature of melt-rock reactions occurring in the subarc and 

rear-arc mantle. 

¶ What is the composition and origin of the metasomatic agent? Is it identical 

to that trapped in high-Mg# olivine-hosted melt inclusions? Experimental 

mineral-melt trace element partition coefficients are used to constrain the 

composition of melts in equilibrium with metasomatic minerals. 

Chapter 4 presents new major, minor and trace element and halogen (Cl and F) 

mineral compositions in Shiveluch mantle xenoliths. The following research 

questions are addressed in Chapter 4: 

¶ What is the composition and origin of the metasomatic agent? Is it identical 

to that trapped in high-Mg# olivine-hosted melt inclusions?  In addition to 

the experimental mineral-melt trace element partition coefficients used in 

Chapter 3, the composition of melt in equilibrium with vein amphibole is 

constrained from amphibole major element (Zhang et al., 2017; Humphreys 

et al., 2019) and halogen (Cl and F) compositions. 
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Chapter 5 presents new measurements of B contents and ŭ11B of vein minerals in 

Shiveluch and Avachinsky xenoliths. The following research questions are addressed 

in Chapter 5: 

¶ What is the B budget of Kamchatka subarc mantle? A unique investigation of 

the B cycle in Avachinsky and Shiveluch subarc mantle is carried out via 

hydrous vein mineral B and ŭ11B analyses. 

¶ Which subducting slab lithology is the source of B in Kamchatka arc? It has 

been demonstrated that each subducting slab lithology (i.e. sediment, altered 

oceanic crust and serpentinite) possesses distinct ŭ11B, which is widely used 

as a tracer of slab-derived melts and fluids (e.g. DeHoog and Savov, 2018 

and references therein). 

¶ What is the role of metasomatized subarc mantle on the genesis of 

Kamchatka arc volcanic rocks? A popular model of partial melting of 

metasomatized subarc mantle generating the characteristic FME-rich 

signature of arc volcanic rocks (e.g. Kepezhinskas et al., 1995; Kepezhinskas 

and Defant, 1996) is challenged with the new ŭ11B of hydrous vein minerals. 

Chapter 6 presents discussion and conclusions in which a geochemical transect 

through the Kamchatka subarc mantle synthesizes results from Chapters 3, 4 and 5 

and in which the results are compared to mantle xenoliths from other volcanic arcs. 
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Chapter 2 

Analytical methods 

Mineral compositions were measured by in-situ analytical techniques described 

in this chapter. Major and minor element mineral abundances were analyzed via 

electron probe micro-analyzer, trace element abundances were analyzed via laser-

ablation inductively coupled plasma mass-spectrometer and B, ŭ11B, water and 

halogen (Cl and F) abundances and isotopic compositions were analyzed via 

secondary ion mass spectrometer. Equilibration temperature and oxygen fugacity 

calculations are described at the end of this chapter. 

2.1 Electron probe micro-analysis (EPMA) 

Mineral major and minor element abundances were obtained on a JEOL 

JXA8230 electron microprobe at the University of Leeds. Three different sets of 

operating conditions were used (Table 1) dependent on mineralogy. 

 

Table 1. EPMA operating conditions 

Mineral  Accelerating 

voltage  

(kV) 

Beam 

current 

(nA) 

Count times major 

elements (s) 

Count times minor 

elements (s) 

     

Olivine, 

pyroxenes, 

spinel 

20 30 30 30-45 

Phlogopite 20 10 10 30 (Ni), 60 (F and 

Cl) 

Amphibole 20 15 15 30 (Cl), 60 (F) 
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Primary standards almandine (Al), olivine USNM 2566 Springwater (Si, Mg, Fe), 

diopside (Si, Mg, Ca), rhodonite (Mn), rutile (Ti), Cr2O3 (Cr), Ni metal (Ni) and 

haematite (Fe) were used to calibrate the mafic mineral analyses. Spot size was 1 

µm. 

For phlogopite and amphibole analyses, the primary standards employed were 

almandine (Al, Fe), diopside (Si, Mg, Ca), rhodonite (Mn), jadeite (Na), K-feldspar 

(K), rutile (Ti), Ni metal (Ni), fluorite (F) and halite (Cl). Spot size was 6 µm.  

Mineral standards San Carlos olivine (Fo90) USNM 111312/444, chromite 

USNM 117075, 7308 Geo2 diopside, 7302 almandine, Kakanui hornblende USNM 

143965 and 7314 K-spar were run as unknowns in between the mineral point 

analyses to assess data quality (Figure 11). 

 

Figure 11. A) to F) Data quality assessment of EPMA major and minor element mineral 

analyses. Average standard compositions run as unknowns in between mineral analyses are 
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normalized to the reference literature values of each standard. All symbols are larger than 

the error bars unless shown. 

 

2.2 Laser-ablation inductively-coupled plasma mass spectrometry 

(LA -ICP-MS) 

Mineral trace element concentrations were obtained on inductively coupled 

plasma mass-spectrometer (ICP-MS) using an Agilent 8800 ICP-MS Triple Quad 

attached to a laser ablation system Photon Machines Analyte Excimer 193 nm at the 

Open University. The laser beam diameter was 65 µm and laser repetition rate was 

10 Hz. The total acquisition time was 90 s per spot including 30 s laser warm-up 

time and 30 s wash-out time. Glass standards NIST 610 and NIST 612 were used for 

calibration and Ca and Si (determined by the EPMA) were used for normalization of 

data. Glass standard BCR was run as unknown in between the mineral point 

analyses to assess data quality (Figure 12). 

 

Figure 12. Data quality assessment of LA-ICP-MS trace element mineral analyses. Average 

BCR glass standard compositions run as unknowns in between mineral analyses are 

normalized to the reference literature values of BCR glass standard. 
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2.3 Secondary ion mass spectrometry (SIMS) 

2.3.1 Boron and ŭ11B 

Boron concentrations and ŭ11B were measured in situ in phlogopite, amphibole, 

orthopyroxene, olivine and plagioclase using a Cameca IMS-1270 at the Edinburgh 

Ion Microprobe Facility (EIMF). Boron isotopic compositions are reported as 

variations in per mil from the boron isotopic standard NIST 951 (boric acid): 
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Equation 1 

The primary ion beam of 16O2
- was accelerated to 22.5 kV and impacted upon the 

sample surface. Beam current steadily increased during the analytical session from 

16 to 37 nA and beam size diameter ranged from 20 µm to 30 µm. 10B and 11B 

signals were detected sequentially using a single electron multiplier, with counting 

times of 8s and 2s, respectively, and 100 cycles per analysis. A mass resolution of 

2000 (m/ȹm) was used to resolve 9BeH and 10BH interferences. Boron 

concentrations were estimated from 11B count rates using GSD1-G as a standard (50 

ppm B).  

Uncertainties of the B concentrations are ~ 20 % RSD. Amphibole 21664 and 

21805, mica MVE02-8-5, 80-3 and JJE01-3 (for phlogopite), serpentine Srp 21826 

and Srp-geiss1 and basaltic glass GSD1-G, BCR2-G and pyroxene JJE01-X-3 (for 

olivine and pyroxene) were used as calibration standards for isotope ratios (DeHoog 

et al., 2017). Significant matrix effects were observed between different hydrous 

minerals, as already reported by DeHoog et al. (2017), with offsets of -3.1 ă, -3.5 

ă and -4.8 ă for amphibole, mica and serpentine compared to basaltic glasses and 



Chapter 2 

Analytical methods 

 

23 

 

pyroxene, respectively. Mean relative reproducibility of the ŭ11B value for the 

samples was 1.4 ă for phlogopite, 1.6 ă for amphibole, 1.5 ă for orthopyroxene, 

1.7 ă for olivine and 1.3 ă for plagioclase.  

2.3.2 Water and halogens (Cl and F) 

Water and halogen (Cl and F) contents were measured in situ in Shiveluch 

phlogopite and amphibole using Cameca IMS-4f at the Edinburgh Ion Microprobe 

Facility (EIMF). Beam current was steady at 5 nA, decreasing towards the end of the 

analytical session to 4.4 nA and beam size diameter was 20 µm. The concentrations 

of 1H, 35Cl and 19F were obtained by using 30Si determined by the previous EPMA 

analysis. Amphibole Lac-Kip, Kipawa, Grenada and Kakanui, hornblende Norway, 

N 610 and biotite NBS 30, UNIL B2 and UNIL B4 were used as calibration 

standards.  

Water contents were re-analysed at a different analytical session in the same 

amphibole and phlogopite grains to monitor repeatability of my previous analysis 

(Figure 13). Significant matrix effects were observed in amphibole due to Na2O and 

Mg# and between phlogopite and biotite. Amphibole repeat analyses were re-

calibrated using low-Na2O amphibole Kipawa, Grenada, Kakanui and Norway. 

However, no matching amphibole standard has such high Mg# as the analysed 

Shiveluch amphibole. Significantly lower water contents of Shiveluch amphibole 

were obtained during the repeat analysis whereas those of Shiveluch phlogopite are 

consistently high (Figure 13). 



Chapter 2 

Analytical methods 

 

24 

 

 

Figure 13. Water contents of Shiveluch amphibole and phlogopite analysed during the 

initial and repeat SIMS sessions.Error bars represent 2ů. 

2.4 Temperature-oxygen fugacity calculations 

Equilibration temperature of peridotites was calculated using the olivine-spinel 

geothermometer of OôNeill and Wall (1987): 
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Equation 2 

where mole fractions of Mg, Fe, Ti, Cr and Fe3+ in olivine, spinel and orthopyroxene 

are: 
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and R is 8.31441 (J K-1mol-1), pressure is in kilobars and temperature is in degrees 

Kelvin.  

Equilibration temperature of pyroxenites was calculated using the two-pyroxene 

geothermometer of Brey and Köhler (1990): 
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 Equation 13 

 

and pressure is in kilobars and the calculated temperature is in degrees Kelvin. 

Error of the two-pyroxene geothermometer was estimated to be ± 50 °C (Putirka, 

2008). Pressure was assumed to be 1.5 GPa in the equilibration temperature 

calculations because of the absence of a reliable geobarometer for spinel peridotites 

independent of temperature. In contrast to geobarometers, geothermometers 

applicable to spinel peridotites are independent of pressure. Pressure shift of 1 GPa 

in olivine-spinel geothermometer (OôNeill and Wall, 1987) changes the calculated 

temperature only by 14 °C.  

Ferric iron (Fe3+) in spinel and orthopyroxene was estimated via the general 

equation of Droop (1987): 

Ὂ ςὢρ
Ὕ

Ὓ
 Equation 14 

 

where F is the number of Fe3+ ions per X oxygens, T is the ideal number of cations 

per formula unit and S is the observed cation total per X oxygens calculated 

assuming all iron to be Fe2+. The equation assumes that no element has variable 

valency other than Fe and that oxygen is the only anion. The equation is applicable 

to ferromagnesian oxide and silicate minerals. 

Oxygen fugacity (fo2) was calculated after Wood et al. (1990) and is reported in 

log units relative to fayalite-magnetite-quartz buffer (FMQ; Mattioli and Wood, 

1988): 
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and pressure is in bars and temperature is in degrees Kelvin. 
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Chapter 3 

A transect through Kamchatka subarc mantle via 

the study of metasomatized mantle xenoliths from 

Avachinsky and Bakening volcanoes  

3.1 Introduction  

Shifts in composition of arc volcanic rocks across-arc have been reported in 

several Kamchatka studies (Hochstaedter et al., 1996; Churikova et al., 2001; 

Duggen et al., 2007). It has been demonstrated that subarc mantle composition 

exerts the main control on the systematic compositional shift from volcanic front to 

rear-arc volcanic rocks. Kamchatka arc front volcanic rocks are more depleted than 

their fertile rear-arc counterparts (Hochstaedter et al., 1996; Churikova et al., 2001) 

and can contain trace amounts of sediment melt in their source (Duggen et al., 

2007). Hochstaedter et al. (1996) proposed that the fertile rear-arc mantle becomes 

depleted by the time it reaches volcanic front. In their ódynamic mantle wedgeô 

model, rear-arc mantle flows towards the trench. Trace amounts of sediment melt 

component in arc front volcanic rocks from Mutnovsky volcano have also been 

attributed to the trench-ward flow of moderately depleted rear-arc mantle (Duggen 

et al., 2007). However, radiogenic isotope studies indicated that mantle is 

compositionally homogeneous underneath most Kamchatka arc volcanoes, 

resembling that of Pacific MORB, with only a limited amount of sediment melt 
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component (< 1 %; Kersting and Arculus, 1995; Turner et al., 1998; Churikova et 

al., 2001).  

In Kamchatka, subarc mantle processes can be studied directly via mantle 

xenoliths recovered from volcanoes situated across-arc. As demonstrated via the 

study of arc volcanic rocks, systematic differences between subarc and rear-arc 

mantle composition exist in Kamchatka (Duggen et al., 2007). Here, I investigate 

metasomatic processes occurring in the subarc and rear-arc mantle via the study of 

metasomatized mantle xenoliths. In this study, Avachinsky represents a volcanic 

front volcano located in the eastern volcanic front (EVF) and Bakening represents 

the counter-part rear-arc volcano (Figure 2). These two volcanoes were selected 

based on their spatial distribution and the occurrence of metasomatized mantle 

xenoliths.  

This chapter provides petrological descriptions of Avachinsky and Bakening 

mantle xenoliths (section 3.2) and major (section 3.3) and trace element (section 3.4) 

composition of their constituent minerals and the calculated composition of melts 

with which they are in equilibrium (3.5.4). The trace element composition of melts 

in equilibrium with amphibole and clinopyroxene in Avachinsky and Bakening 

xenoliths is used to constrain the composition of the mantle melting source under the 

volcanic arc and rear-arc, respectively (section 3.5.4). 

3.2 Petrological descriptions 

3.2.1 Avachinsky xenoliths 

Avachinsky mantle xenoliths consist of large blocks (up to 15 cm in length; 

Figure 5B) of mantle peridotite comprised of olivine, orthopyroxene and spinel 
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(classified as harzburgites; Figure 14 and Table 2; Streckeisen, 1979). Only one 

Avachinsky xenolith consists of clinopyroxene, olivine and interstitial amphibole 

and is classified as pyroxenite (Figure 14 and Table 2; Streckeisen, 1979).  

Avachinsky peridotites display protogranular and porphyroclastic textures that 

are characteristic of mantle xenoliths (Figure 15 and Table 2; Mercier and Nicolas, 

1975). Olivine grain size gradually decreases from protogranular to porphyroclastic. 

Protogranular texture is characterized by mosaic-shaped crystals with straight-lined 

boundaries whereas porphyroclastic texture is characterized by two olivine 

populations, large elongate strained crystals called porphyroclasts and small 

polygonal strain-free crystals called neoblasts (Figure 15; Mercier and Nicolas, 

1975). Avachinsky pyroxenite displays coarse texture. 

Detailed petrographic study has revealed a thin hornblende selvage between 

harzburgites and the host andesite (Figure 16A) and numerous melt-rock reaction 

textures such as dunite veins (Figure 16B and C), orthopyroxene replacement by 

secondary clinopyroxene (Figure 16D) and a network of cross-cutting hydrous 

(Figure 16E) and anhydrous veins (Figure 16F). Hydrous veins are composed of 

amphibole, orthopyroxene, clinopyroxene and occasionally relict phlogopite (Figure 

16E). Anhydrous veins are dominantly composed of orthopyroxene and 

clinopyroxene, with only occasional amphibole (Figure 16F). Both vein types are 

observed in AVX-16-03-10 whereby an anhydrous vein is cross-cut by a hydrous 

vein (Figure 17B). The hydrous vein branches into two (Figure 17A). One of the two 

hydrous veins (vein 1) is produced at the expense of primary harzburgite minerals, 

olivine and orthopyroxene, whereas the other hydrous vein (vein 2) replaces a 

former orthopyroxenite vein. 
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Figure 14. Classification diagram of mantle xenoliths from Avachinsky and Bakening 

volcanoes (diagram after Streckeisen, 1979). 
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Table 2. Classification of Avachinsky and Bakening mantle xenoliths 

Volcanic 

centre 

Sample Rock type Group % 

ol 

% 

opx 

% 

cpx 

Texture 

Avachinsky AVX -16-

03-01 

Pyroxenite Wehrlite 22  78 Coarse 

 AVX -16-

03-02 

Peridotite Harzburgite 78 22  Porphyroclastic 

 AVX -16-

03-07 

Peridotite Harzburgite 87 13  Protogranular 

 AVX -16-

03-09 

Peridotite Harzburgite 87 13  Porphyroclastic 

 AVX -16-

03-10 

Peridotite Harzburgite 76 24  Protogranular 

 AVX -16-

03-20 

Peridotite Harzburgite 75 25  Protogranular 

 AVX -16-

03-23 

Peridotite Harzburgite 83 17  Protogranular 

 AVX -16-

03-24 

Peridotite Harzburgite 65 35  Protogranular 

Bakening BAK-16-

22-01A 

Pyroxenite Olivine 

websterite 

7 25 68 Coarse 

 BAK-16-

22-01B 

Peridotite Wehrlite 58  42 Protogranular 

 BAK-16-

22-03 

Peridotite Wehrlite 69  31 Protogranular 

 BAK-16-

22-04 

Peridotite Dunite 92  8 Protogranular 

 BAK-16-

22-05 

Pyroxenite Clinopyroxe

nite 

 8 92 Coarse 

 BAK-16-

22-09 

Pyroxenite Wehrlite 14  86 Coarse 

 BAK-16-

22-32 

Pyroxenite Websterite  65 35 Coarse 

 BAK-16-

22-42 

Pyroxenite Websterite  21 79 Coarse 
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Figure 15. Thin section scanned images showing A) protogranular texture in harzburgite 

AVX-16-03-07 and B) porphyroclastic texture in harzburgite AVX-16-03-09. 
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Figure 16. Melt-rock reaction textures recorded in Avachinsky mantle xenoliths. A) 

Amphibole selvage formed between harzburgite AVX-16-03-20 and the host andesite. B) 

Melt inclusions in spinel and C) olivine neoblasts in dunite vein in AVX-16-03-09. D) 

Clinopyroxene overgrowing coarse orthopyroxene around the edges in AVX-16-03-02. E) 

Rare cluster of phlogopite grains inside hydrous vein cross-cutting AVX-16-03-24. F) 

Orthopyroxene overgrown by amphibole and clinopyroxene in anhydrous vein cross-cutting 

AVX-16-03-23. Abbreviations: Am = amphibole, Cpx = clinopyroxene, Ol = olivine, Opx = 

orthopyroxene, Phl = phlogopite and Spl = spinel. 
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Figure 17. Vein types in AVX-16-03-10. A) Amphibole-rich hydrous vein branches into two 

(vein 1 and 2). B) Hydrous vein (outlined by red dotted line) cross-cuts orthopyroxenite vein 

(outlined by blue dotted line). Abbreviations are the same as in Figure 16. 

3.2.2 Bakening xenoliths 

Bakening mantle xenoliths are smaller than Avachinsky xenoliths, their 

dimensions range from 1 to 4 cm in length. Their composition varies from pyroxene-
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dominated websterite (n = 2), clinopyroxenite (n = 1), wehrlite (n = 1) and olivine 

websterite (n = 1) to olivine-dominated wehrlite (n = 2) and dunite (n = 1; Figure 14 

and Table 2). Similar to Avachinsky peridotites, Bakening peridotites display 

protogranular texture (Mercier and Nicolas, 1975) and Bakening pyroxenites display 

coarse texture. 

Bakening pyroxenites and peridotites record several melt-rock reaction textures 

such as mineral zoning (Figure 18A) and dissolution (Figure 18B) in the host basalt, 

poikilitic overgrowths of clinopyroxene (oikocrysts) on orthopyroxene and olivine 

(chadacrysts; Figure 18C and D) and rapidly quenched symplectite consisting of 

olivine and glass (Figure 18F). Exsolution lamellae of orthopyroxene and spinel 

occur in some coarse clinopyroxene grains but comparatively few orthopyroxene 

grains contain clinopyroxene exsolution lamellae (Figure 18C and E).  
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Figure 18. Melt-rock reaction textures recorded in Bakening mantle xenoliths. A) Zoned 

olivine grain adjacent to the host basalt in wehrlite BAK-16-22-01B. B) Dissolution of 

clinopyroxene at the contact with the host basalt in olivine websterite BAK-16-22-01A. C) 

Crystallization of clinopyroxene at the expense of orthopyroxene in websterite BAK-16-22-

42. D) Poikilitic clinopyroxene enclosing an olivine grain in wehrlite BAK-16-22-01B. E) 

Exsolution lamellae of orthopyroxene and spinel in coarse clinopyroxene in wehrlite BAK-

16-22-01B. Note that the exsolution lamellae are at right angle to each other. F) 
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Symplectite around spinel in websterite BAK-16-22-32. Abbreviations are the same as in 

Figure 16. 

 

3.3 Major element mineral chemistry 

Mineral major element abundances (average values in Table 3 and Table 4 and all 

data in Table A16, Table A17, Table A18, Table A19, Table A20 and Table A21 in 

Appendix A)  were measured by electron probe micro analyser (EPMA) using a 

JEOL JXA8230 instrument at the University of Leeds (for analytical conditions see 

section 2.1).  

3.3.1 Olivine 

The composition of olivine in Avachinsky mantle xenoliths varies in forsterite 

component from Fo82 to Fo 92 and in Bakening mantle xenoliths from Fo76 to Fo 87 

(Figure 19, Table 3 and Table 4). Silica content increases with higher olivine Fo 

component in all xenoliths except for BAK-16-22-04 in which silica content varies 

from 39.3 wt % to 40.8 wt % at a constant Fo component (~ 86.8; Figure 19A). 

Nickel content of Avachinsky olivine ranges from 0.33 to 0.45 wt % (average NiO = 

0.39 wt %) and extends to higher concentrations than that of Bakening, ranging from 

0.04 to 0.35 wt % (average NiO = 0.23 wt %; Figure 19B). Bakening olivine NiO 

content decreases with increasing MnO ranging from 0.17 to 0.34 wt % (average 

MnO = 0.27 wt %) and is higher than that of Avachinsky ranging from 0.12 to 0.16 

wt % (average MnO = 0.14 wt %) except for a group of high-MnO olivine (average 

MnO = 0.45 wt %) in harzburgite AVX-16-03-20.  

In Avachinsky xenoliths, the low Fo and high MnO olivine is located next to 

hydrous vein and in Bakening xenoliths the low Fo, low NiO and high MnO olivine 
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is adjacent to the host basalt except for websterite BAK-16-22-32. Olivine in 

websterite BAK-16-22-32 is a quenched mineral phase intergrown with glass that 

formed around clinopyroxene, orthopyroxene and spinel grains (Figure 18). 

 

Figure 19. A) and B) Co-variation plots of major elements in olivine in Avachinsky and 

Bakening mantle xenoliths. Avachinsky olivine has higher Fo component and NiO content 

and lower MnO content than that of Bakening. Note that olivine in websterite BAK-16-22-

32 is a quench mineral phase related to the host basalt. Data is compared to Avachinsky 

olivine literature values from Arai et al. (2003), Ishimaru et al. (2007), Ionov (2010) and 

Bénard and Ionov (2013). 

 

3.3.2 Spinel 

Spinel in Avachinsky xenoliths is Cr-rich with Cr# [Cr# = Cr/(Cr + Al)] ranging 

from 47 to 75 whereas spinel in Bakening xenoliths is Al-rich with Cr# ranging from 

1.5 to 30 (Figure 20, Table 3 and Table 4). The refractory mantle origin of 

Avachinsky harzburgites is demonstrated by the high Cr# and Mg# [Mg# = Mg/(Mg 

+ Fe3+)] of spinel that are similar to spinel from other depleted subarc mantle 

peridotites (Figure 20A) and by their high Fo component in olivine (Figure 20B). 

Spinel exsolved as thin lamellae in Bakening clinopyroxene possesses higher CaO 

(from 0.55 to 0.83 wt %) and SiO2 (from 0.04 to 0.57 wt %) contents than the 

discrete spinel grains.  
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Figure 20. A) Spinel Cr# versus Mg# and B) average spinel Cr# versus average olivine Fo 

component in Avachinsky and Bakening mantle xenoliths. Avachinsky data falls within the 

olivine-spinel mantle array (OSMA; Arai, 1994) whereas Bakening data lies outside OSMA. 

Figure was modified after Bryant et al. (2007), Shiveluch field was constrained from Bryant 

et al. (2007) and my data presented in Chapter 2, Avachinsky field was constrained from 

Kepezhinskas and Defant (1996), Arai et al. (2003), Ishimaru et al. (2007), Halama et al. 
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(2009) and Ionov (2010), Kilbourne hole peridotite field was constrained from Harvey et al. 

(2012) and MORB field was constrained from Arai (1992). Concentration of Fe3+ was 

calculated after Droop (1987).  

 

3.3.3 Orthopyroxene 

Orthopyroxene is classified as Mg-rich enstatite (Figure 21) with Mg# ranging 

from 83 to 93 in Avachinsky xenoliths and from 79 to 88 in Bakening xenoliths 

(Figure 22, Table 3 and Table 4). Silica content increases from 53.3 to 57.9 wt %, 

average of 56.6 wt % in Avachinsky xenoliths and from 51.8 to 54.6 wt %, average 

of 53.2 wt % in Bakening xenoliths (Figure 22A) whereas MnO and TiO2 contents 

decrease with increasing Mg# (Figure 22B and C). No systematic trends exist for 

NiO, CaO and Cr2O3 contents with increasing Mg# (Figure 22D, E and F). 

In Avachinsky harzburgites, no systematic difference in major element 

composition exists between primary interstitial and vein orthopyroxene except for 

AVX-16-03-20. Vein orthopyroxene in AVX-16-03-20 has lower Mg# (from 83.5 to 

85.2), SiO2 (from 54.4 to 55.6 wt %) and Cr2O3 (below detection limit to 0.3 wt %) 

and higher MnO (from 0.41 to 0.55 wt %) than vein and primary orthopyroxene in 

the other Avachinsky harzburgites. 

 



Chapter 3 

A transect through Kamchatka subarc mantle via the study of metasomatized mantle 

xenoliths from Avachinsky and Bakening volcanoes 

 

42 

 

 

Figure 21. Classification of Avachinsky (green circles) and Bakening (red circles) 

orthopyroxene (enstatite) and clinopyroxene (diopside and augite) after Morimoto (1988).  
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Figure 22. A) to F) Co-variation plots of major elements in Avachinsky and Bakening 

orthopyroxene. Avachinsky orthopyroxene has higher SiO2, NiO, CaO, Cr2O3 and Mg# and 

lower MnO and TiO2 contents than that of Bakening. No distinction between vein and 

primary interstitial orthopyroxene in Avachinsky xenoliths was made in this plot because of 

their similar major element composition. Data is compared to Avachinsky orthopyroxene 

literature values from Arai et al. (2003); Ishimaru et al. (2007); Ishimaru and Arai (2008); 

Ionov (2010); Ishimaru and Arai (2011); Bénard and Ionov (2012); Bénard and Ionov 

(2013). 
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3.3.4 Clinopyroxene 

Clinopyroxene is classified as diopside and augite (Figure 21) with Mg# ranging 

from 80.3 to 94.8 in Avachinsky xenoliths and from 77 to 88.8 in Bakening 

xenoliths (Figure 23, Table 3 and Table 4).  

Silica and CaO contents increase from 53.3 to 57.9 wt %, average of 56.6 wt % 

and from 21.8 to 25.2 wt %, average of 23.9 wt %, respectively in Avachinsky 

xenoliths and from 51.8 to 54.6 wt %, average of 53.2 wt % and from 19.5 to 23.3 

wt %, average of 22.2 wt %, respectively in Bakening xenoliths (Figure 23A and E). 

Their MnO, TiO2 and Na2O contents decrease with increasing Mg#. No systematic 

trend exists for NiO content with increasing Mg#. Instead, a wide range of NiO 

content exists at constant clinopyroxene Mg# (Figure 23D). Both, exsolution-free 

and exsolution-bearing clinopyroxenes in Bakening xenoliths are compositionally 

identical. 
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Figure 23. A) to F) Co-variation plots of major elements in Avachinsky and Bakening 

clinopyroxene. Avachinsky clinopyroxene has higher SiO2, NiO, CaO and Mg # and lower 

MnO, TiO2 and Na2O contents than that of Bakening. Data is compared to Avachinsky 

clinopyroxene literature values from Arai et al. (2003); Ishimaru et al. (2007); Ishimaru 

and Arai (2008); Ionov (2010); Ishimaru and Arai (2011); Bénard and Ionov (2012); 

Bénard and Ionov (2013). 
 

3.3.5 Amphibole 

Vein amphibole in Avachinsky xenoliths displays a large variation in Mg# (from 

70 to 94; Figure 24 and Table 3). Their MnO and TiO2 contents decrease with 

increasing Mg# (Figure 24A and B) and range from 0.04 to 0.35 wt % (average 
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MnO = 0.15 wt %) and from 0.02 to 1.34 wt % (average TiO2 = 0.62 wt %), 

respectively. In AVX-16-03-10 and AVX-16-03-20, vein amphibole NiO content 

increases with increasing Mg# and ranges from 0.03 to 0.15 wt % whereas no NiO 

trend is displayed in amphibole in AVX-16-03-24 (Figure 24C). Amphibole in AVX-

16-03-10 and AVX-16-03-20 possesses higher TiO2 (from 0.6 to 1.4 wt %) and Na2O 

contents (from 1.75 to 2.6 wt %) than that of AVX-16-03-24 (from 0.01 to 0.3 wt % 

and from 0.6 to 2 wt %, respectively; Figure 24B and D). Na2O content of vein 

amphibole in AVX-16-03-20 and AVX-16-03-24 decreases with increasing Mg# 

whereas that of AVX-16-03-10 stays at a constant average value of 2.37 wt % with 

increasing Mg# (Figure 24D).  

Avachinsky vein amphibole is calcic and predominantly falls into two categories, 

magnesiohornblende and pargasite (Figure 25; Leake et al., 1997). 
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Figure 24. A) to D) Co-variation plots of major elements in Avachinsky amphibole. Data is 

compared to Avachinsky amphibole literature values from Arai et al. (2003); Ishimaru et al. 

(2007); Ishimaru and Arai (2008); Ionov (2010); Ishimaru and Arai (2011); Bénard and 

Ionov (2012); Bénard and Ionov (2013). 
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Figure 25. Classification of Avachinsky vein amphibole after Leake et al. (1997). Two 

groups of compositionally distinct amphibole occur in Avachinsky veins. A) Amphibole with 

lower (Na + K)A is classified as magnesiohornblende and tschermakite and B) amphibole 

with higher (Na + K)A is classified as pargasite, magnesiohastingsite and edenite. Legend is 

the same as in Figure 24. 
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Table 3. Average mineral major and minor element data of Avachinsky mantle xenoliths 

Sample AVX -16-03-02 AVX -16-03-07 AVX -16-03-10 

Mineral Ol Opx Cpx Spl Ol Opx Cpx Spl Ol Opx Cpx Spl Am 

 n = 17 n = 24 n = 27 n = 19 n = 18 n = 29 n = 23 n = 19 n = 15 n = 18 n = 6 n = 8 n = 36 

SiO2 40.68 57.26 54.79 bdl 40.50 56.89 54.22 bdl 40.44 55.75 53.07 bdl 44.10 

TiO2 bdl 0.02 0.03 0.05 bdl 0.02 0.04 0.05 nd 0.02 0.02 0.08 0.79 

Al 2O3 nd 1.12 1.17 18.61 nd 1.41 1.70 19.72 nd 1.86 1.76 25.27 13.36 

Cr2O3 0.05 0.33 0.52 44.15 0.02 0.43 0.60 43.86 0.02 0.33 0.57 38.13 nd 

FeO 8.89 5.97 2.37 19.86 9.34 6.32 2.46 19.00 9.78 6.23 2.37 19.06 7.21 

NiO 0.40 0.09 0.06 0.14 0.38 0.08 0.05 0.12 0.39 0.09 0.05 0.17 0.09 

MnO 0.13 0.15 0.07 0.24 0.14 0.15 0.07 0.24 nd 0.15 0.08 0.20 0.12 

MgO 50.04 34.22 18.14 13.15 49.74 33.98 17.69 13.19 49.21 34.90 18.20 14.91 16.94 

CaO 0.04 1.06 23.92 0.01 0.03 0.90 23.98 bdl 0.11 0.71 24.25 0.12 11.38 

Na2O bdl 0.01 0.19 bdl bdl 0.01 0.17 bdl nd nd nd nd 2.37 

K2O nd nd nd nd nd nd nd nd nd nd nd nd 0.16 

Cl nd nd nd nd nd nd nd nd nd nd nd nd 0.01 

F nd nd nd nd nd nd nd nd nd nd nd nd 0.02 

Total 100.22 100.22 101.26 96.23 100.14 100.19 100.99 96.20 99.95 100.03 100.36 97.94 96.56 

Mg # 90.94 91.09 93.16 63.33 90.47 90.55 92.77 63.28 89.95 94.80 93.18 67.97 85.27 

Cr # na na na 61.42 na na na 59.87 na na na 50.32 na 

Abbreviations: Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Spl = spinel, Am = amphibole, bdl = below detection limit, nd = not determined, na = 

not applicable. 
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Table 3. Continued 

Sample AVX -16-03-20 AVX -16-03-23 AVX -16-03-24 

Mineral Ol Opx Cpx Spl Am Ol Opx Cpx Spl Ol Opx Cpx Spl Am Phl 

 n = 9 n = 12 n = 6 n = 10 n = 39 n = 13 n = 22 n = 16 n = 6 n = 14 n  = 11 n = 14 n = 12 n = 33 n = 3 

SiO2 40.84 55.34 51.67 bdl 44.86 40.87 56.76 54.46 bdl 40.58 56.77 54.11 bdl 50.41 40.09 

TiO2 bdl 0.06 0.26 0.06 0.90 bdl 0.02 0.04 0.07 bdl 0.01 0.03 0.06 0.05 0.03 

Al 2O3 bdl 1.20 2.69 17.34 11.53 bdl 0.86 0.60 13.66 bdl 0.87 1.04 14.02 8.39 18.16 

Cr2O3 0.01 0.14 0.10 45.03 nd bdl 0.14 0.14 53.01 0.01 0.28 0.09 52.36 0.08 0.04 

FeO 8.36 9.21 5.69 22.36 9.76 9.80 6.10 2.03 19.46 9.92 6.21 2.81 19.53 3.44 2.60 

NiO 0.37 0.09 0.02 0.13 0.06 0.39 0.09 0.06 0.07 0.39 0.08 0.05 0.06 0.07 0.13 

MnO 0.14 0.41 0.28 0.34 0.25 0.14 0.14 0.06 0.29 0.15 0.15 0.10 0.31 0.06 0.02 

MgO 50.66 31.90 15.92 12.19 15.61 49.36 34.61 18.38 11.40 49.20 34.42 17.62 11.26 21.13 23.69 

CaO 0.09 0.59 22.70 bdl 11.51 0.07 0.55 24.01 bdl 0.07 0.63 23.74 bdl 11.79 0.12 

Na2O nd nd nd nd 2.09 nd nd nd nd nd nd nd nd 1.31 1.83 

K2O nd nd nd nd 0.12 nd nd nd nd nd nd nd nd 0.23 6.27 

Cl nd nd nd nd 0.01 nd nd nd nd nd nd nd nd 0.01 bdl 

F nd nd nd nd 0.04 nd nd nd nd nd nd nd nd 0.02 0.01 

Total 100.46 98.94 99.32 97.45 96.74 100.63 99.28 99.76 97.97 100.31 99.42 99.58 97.61 97.00 91.86 

Mg # 91.53 87.39 86.88 58.54 78.50 89.97 90.99 94.16 55.97 89.83 91.66 92.16 55.42 94.21 94.16 

Cr # na na na 63.62 na na na na 72.24 na na na 71.50 na na 

Abbreviations: Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Spl = spinel, Am = amphibole, Phl = phlogopite, bdl = below detection limit, nd = not 

determined, na = not applicable. 
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Table 4. Average mineral major and minor element data of Bakening mantle xenoliths 

Sample BAK-16-22-01A BAK-16-22-01B BAK-16-22-03 

Mineral Ol Opx Cpx Ol Opx Cpx Spl Ol Opx I Opx II Cpx Spl 

 n = 6 n = 8 n = 12 n = 13 n = 9 n = 15 n = 16 n = 21 n = 1 n = 1 n = 15 n = 21 

SiO2 38.51 52.31 50.33 39.69 54.18 51.56 bdl 40.01 54.39 53.94 51.17 bdl 

TiO2 0.01 0.10 0.40 0.01 0.08 0.30 0.28 0.01 0.09 0.08 0.37 0.45 

Al 2O3 bdl 4.81 5.94 bdl 3.34 4.27 40.45 bdl 3.22 3.50 4.51 40.71 

Cr2O3 0.01 0.25 0.38 0.08 0.39 0.83 15.53 0.05 0.31 0.44 0.77 15.08 

FeO 19.83 11.28 5.43 13.75 8.80 4.22 23.74 14.05 9.12 9.07 4.47 24.72 

NiO 0.22 0.02 0.02 0.28 0.03 0.01 0.20 0.23 0.05 0.02 0.03 0.23 

MnO 0.35 0.25 0.15 0.21 0.21 0.12 0.18 0.21 0.21 0.21 0.12 0.18 

MgO 40.89 28.92 14.81 45.78 31.43 15.84 15.00 46.02 31.46 31.38 15.53 15.46 

CaO 0.05 0.73 21.56 0.04 0.66 22.60 0.01 0.02 0.69 0.60 22.81 0.15 

Na2O bdl 0.04 0.83 bdl 0.02 0.56 bdl bdl 0.03 0.01 0.53 bdl 

K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 

Cl nd nd nd nd nd nd nd nd nd nd nd nd 

F nd nd nd nd nd nd nd nd nd nd nd nd 

Total 99.85 98.71 99.85 99.82 99.13 100.31 95.39 100.58 99.57 99.25 100.30 97.09 

Mg # 78.61 82.03 82.92 85.57 86.42 86.99 64.84 85.38 86.01 86.04 86.08 65.48 

Cr # na na na na na na 20.55 na na na na 19.97 

Abbreviations: Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Spl = spinel, bdl = below detection limit, nd = not determined, na = not applicable. 
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Table 4. Continued 

Sample BAK-16-22-04 BAK-16-22-05 BAK-16-22-09 BAK-16-22-32 BAK-16-22-42 

Mineral Ol Opx Cpx Spl Opx Cpx Ol Opx Cpx Spl Ol Opx Cpx Spl Opx Cpx 

 n = 20 n = 6 n = 15 n = 14 n = 13 n = 19 n = 6 n = 7 n = 19 n = 7 n = 7 n = 23 n = 19 n = 13 n = 16 n = 30 

SiO2 40.03 54.36 51.00 bdl 52.96 50.23 39.24 53.89 51.13 bdl 38.96 52.29 49.63 bdl 53.60 51.31 

TiO2 nd 0.11 0.43 0.50 0.11 0.40 bdl 0.10 0.37 0.54 0.02 0.16 0.64 0.35 0.10 0.42 

Al 2O3 nd 2.71 3.90 36.57 4.81 5.88 bdl 3.30 4.36 42.27 bdl 5.07 6.22 54.16 4.12 4.89 

Cr2O3 0.09 0.30 0.66 20.51 0.25 0.37 0.05 0.42 0.81 19.03 0.02 0.09 0.15 2.39 0.32 0.47 

FeO 12.76 8.40 4.09 23.28 10.02 5.08 12.43 7.97 4.21 20.46 20.19 11.76 6.13 23.62 10.05 4.83 

NiO 0.27 0.06 0.03 0.23 0.03 0.01 0.32 0.04 0.02 0.19 0.11 0.04 0.03 0.23 0.06 0.04 

MnO nd 0.20 0.11 0.18 0.22 0.14 0.19 0.19 0.12 0.21 0.31 0.24 0.15 0.14 0.23 0.13 

MgO 46.96 32.03 16.17 14.86 29.94 15.09 46.91 32.18 16.09 15.01 40.88 28.90 14.44 16.24 30.65 15.42 

CaO 0.08 0.77 22.74 0.21 0.79 21.87 bdl 0.84 22.37 0.07 0.08 0.75 21.64 0.12 0.69 22.02 

Na2O nd nd nd nd 0.03 0.66 bdl 0.02 0.61 bdl bdl 0.02 0.70 bdl 0.03 0.65 

K2O nd nd nd nd bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 

Cl nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

F nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Total 100.17 98.95 99.13 96.38 99.17 99.73 99.14 98.94 100.08 97.79 100.59 99.33 99.72 97.26 99.85 100.18 

Mg # 86.76 89.37 89.93 64.86 84.18 84.12 87.06 87.80 87.21 63.38 78.30 81.40 80.77 65.58 84.46 85.04 

Cr # na na na 27.34 na na na na na 23.22 na na na 2.90 na na 

Abbreviations: Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Spl = spinel, bdl = below detection limit, nd = not determined, na = not applicable. 
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3.3.6 P-T and fO2 

Avachinsky and Bakening mantle xenoliths equilibrated at temperatures ranging 

from 760.9 to 811.1 °C ± 50 °C and from 895.6 to 979.3 °C ± 50 °C, respectively 

(Figure 26 and Table 5). Equilibration temperature of peridotites was calculated 

using the spinel-olivine geothermometer of OôNeill and Wall (1987) and that of 

pyroxenites using the two-pyroxene geothermometer of Brey and Köhler (1990).  

Error was estimated by Putirka (2008). The higher temperature of AVX-16-03-24 

(914.2 °C; Figure 26 and Table 5) was estimated from orthopyroxene-clinopyroxene 

pair inside the hydrous vein and records temperature of melt percolation through the 

vein rather than xenolith equilibration in the subarc mantle. Equilibration 

temperature estimate of clinopyroxene-exsolved orthopyroxene in Bakening 

xenoliths ranges from 850 to 920 °C ± 50 °C (Brey and Köhler, 1990; Putirka, 

2008). Comparatively, the estimated crystallization temperature of pyroxene in 

Avachinsky basaltic andesite ranges from 950 to 1100 °C (Castellana, 1998) and 

temperature estimated from spinel-hosted melt inclusions in Avachinsky mantle 

xenoliths which record magma temperatures are as low as 900 °C (Ionov et al., 

2011). No comparison between equilibration temperature of Bakening mantle 

xenoliths and that of the host basalts can be drawn as their equilibration temperature 

is not reported. 

Equilibration pressure was constrained by the Central Kamchatka depression 

geotherm defined by continental crust thermal gradient of 23 °C km-1 and 

asthenospheric mantle thermal gradient of 8.5 °C km-1 (Portnyagin and Manea, 

2008) and ranges from 1.1 to 1.2 GPa in Avachinsky xenoliths and from 1.5 to 1.85 

GPa in Bakening xenoliths (Figure 26 and Table 5). The pressure estimates indicate 
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that Avachinsky mantle xenoliths last equilibrated at 33 to 36 km depth at the crust-

mantle interface that in Kamchatka is located at ~ 35 km (Levin et al., 2002) 

whereas Bakening mantle xenoliths last equilibrated at 45 to 55.5 km depth in the 

lithospheric mantle. For comparison, the estimated equilibration pressure of 

Avachinsky central vent lavas falls below 0.2 GPa (Castellana, 1998) which is 

equivalent to 6 km depth. 

Oxygen fugacity (fo2) was calculated after Wood et al. (1990) and ranges from + 

0.45 to + 0.84 log units relative to FMQ (Mattioli and Wood, 1988) in Bakening 

xenoliths (Table 5). A single fo2 value of + 1.61 log units relative to FMQ was 

obtained for harzburgite AVX-16-03-10 (Table 5) because only a limited number of 

mantle xenoliths contained olivine, spinel and primary orthopyroxene that are 

required to calculate fo2. The highly oxidized conditions at Avachinsky are 

consistent with fo2 constrained from high-Mg# olivine-spinel inclusions from 

Avachinsky volcanic rocks (fo2 = + 1.35 to + 1.77 log units FMQ) attributed to the 

influx of AOC-derived components (Nekrylov et al., 2018). However, Bakening fo2 

is lower than that estimated by Nekrylov et al. (2018) ranging from + 1.38 to + 1.74 

log units FMQ. 
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Figure 26. Equilibration pressure-temperature conditions of Avachinsky (green diamonds) 

and Bakening (red diamonds) mantle xenoliths. Equilibration temperatures of peridotites 

and pyroxenites were calculated via olivine-spinel geothermometer of OôNeill and Wall 

(1987) and two-pyroxene geothermometer of Brey and Köhler (1990), respectively. 

Pressures were estimated from the CKD geotherm (Portnyagin and Manea, 2008). Chlorite 

breakdown reaction and garnet-spinel transition is from Ulmer and Trommsdorff (1999) 

and spinel-plagioclase transition is from OôNeill (1981). Crust-mantle interface is located 

at 35 km depth in Kamchatka (Levin et al., 2002).  

 

Table 5. Average equilibration temperature, pressure and oxygen fugacity of Avachinsky 

and Bakening mantle xenoliths 

Sample Number of 

mineral pairs 

T (°C) T 2ů (°C) P§ (GPa) fO2 (FMQ) 

AVX -16-03-02  2 790.8 ± 50* 2.4 1.15 ± 0.1 nd 

AVX -16-03-07  1 811.1 ± 50* na 1.2 ± 0.15 nd 

AVX -16-03-10  1 760.9 ± 50* na 1.1 ± < 0.1 + 1.61 

AVX -16-03-24 

(vein) 

1 914.2 ± 50À na nd nd 

BAK-16-22-01A 2 922 ± 50À 23 1.65 ± 0.3 nd 

BAK-16-22-01B  3 973.7 ± 50* 24 1.8 ± 0.3 + 0.45 

BAK-16-22-03 5 979.3 ± 50* 46 1.85 ± 0.35 nd 

BAK-16-22-04  5 938 ± 50* 24 1.7 ± 0.25 + 0.84 

BAK-16-22-05  5 913.8 ± 50À 14 1.6 ± 0.25 nd 

BAK-16-22-09 4 910.1 ± 50À 22 1.6 ± 0.25 nd 

BAK-16-22-32 2 895.6 ± 50À 21 1.5 ± 0.25 nd 

BAK-16-22-42 3 935.1 ± 50À 10 1.7 ± 0.2 nd 

Abbreviations: na = not applicable, nd = not determined 

*Temperature calculated via olivine-spinel geothermometer of OôNeill and Wall (1987) 
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ÀTemperature calculated via two-pyroxene geothermometer of Brey and Köhler (1990) 

§Pressure constrained from CKD geotherm defined by continental crust thermal gradient of 

23 °C km-1 and asthenospheric mantle thermal gradient of 8.5 °C km-1 (Portnyagin and 

Manea, 2008). The estimated thickness of Kamchatka continental crust is 35 km (Levin et 

al., 2002). 

 

3.4 Trace element mineral chemistry 

Mineral trace element abundances (average values in Table 6 and Table 7 and all 

data in Table B22, Table B24 and Table B25 in Appendix B) were measured by 

inductively coupled plasma mass-spectrometer (ICP-MS) using an Agilent 8800 

ICP-MS Triple Quad attached to a laser ablation system Photon Machines Analyte 

Excimer 193 nm at the Open University (for analytical conditions see section 2.3). 

 

3.4.1 Clinopyroxene 

3.4.1.1 Avachinsky xenoliths 

Except for Sr and Li, vein clinopyroxene in AVX-16-03-24 is depleted in all 

incompatible trace elements relative to primitive mantle (Figure 27A; McDonough 

and Sun, 1995). Two types of clinopyroxene were recognized in AVX-16-03-24 

based on their distinct primitive mantle-normalized (McDonough and Sun, 1995) 

REE distribution trends (Figure 27B and C). In type I clinopyroxene, LREE decrease 

in abundance from La (ranges from 0.08 to 0.1 µg g-1) to Nd (ranges from 0.04 to 

0.07 µg g-1) whereas HREE increase in abundance from Tb (ranges from 0.13 to 

0.18 µg g-1) to Lu (ranges from 0.3 to 0.45). Mid-REE Sm, Eu and Gd are below 

detection limit (Figure 27B). In type II clinopyroxene, REE increase in abundance 
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from La (average La = 0.12 µg g-1) to Lu (average Lu = 0.56 µg g-1). Negative Eu 

anomalies occur in two type II clinopyroxene grains (Figure 27C).  

Vein clinopyroxene in AVX-16-03-20 is enriched in all incompatible trace 

elements relative to primitive mantle (McDonough and Sun, 1995) except for La, 

Pb, Zr and Li (Figure 28A). Light REE increase in abundance from La (La = 0.50 µg 

g-1) to Sm (Sm = 5.65 µg g-1) and HREE slightly decrease in abundance from Gd 

(Gd = 5.18 µg g-1) to Lu (Lu = 3.89 µg g-1) with a weak negative Eu anomaly 

(Figure 28B).  
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Figure 27. A) Trace element distribution and B) and C) rare earth element (REE) 

distribution in AVX-16-03-24 type I and type II clinopyroxene and their respective 
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equilibrium melts. Data is normalized to primitive mantle (PM; McDonough and Sun, 

1995). N-MORB (Sun and McDonough,1989), typical Avachinsky andesite and basaltic 

andesite (Ishimaru et al., 2007) and similar Avachinsky clinopyroxene (Ishimaru et al., 

2007; Halama et al., 2009; Bénard and Ionov, 2012; Bénard and Ionov, 2013) are shown 

for comparison. Purple field corresponds to REE composition of boninite (Hickey and Frey, 

1982; Pearce et al., 1992; Kelemen et al., 2003). Incompatible trace elements that were not 

reported in the above studies are inferred by dotted lines. 

 

 

Figure 28. A) Trace element distribution and B) rare earth element (REE) distribution in 

AVX-16-03-20 clinopyroxene and its respective equilibrium melt. Data is normalized to 
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primitive mantle (PM; McDonough and Sun, 1995). N-MORB (Sun and McDonough,1989) 

and typical Avachinsky andesite and basaltic andesite (Ishimaru et al., 2007) are shown for 

comparison.  

 

3.4.1.2 Bakening xenoliths 

All Bakening clinopyroxene is enriched in incompatible trace elements relative to 

primitive mantle (McDonough and Sun, 1995) except for Rb, Ba, Nb and Ta (Figure 

29, Figure 30 and Figure 31) and some Bakening clinopyroxene is also depleted in 

Th, U, Pb and Zr. Three types of clinopyroxene were recognized in Bakening 

xenoliths based on their distinct primitive mantle-normalized (McDonough and Sun, 

1995) REE distribution trends (Figure 29B, Figure 30B and Figure 31B).  

Type I clinopyroxene occurs only in dunite BAK-16-22-04. Light REE decrease in 

abundance from La (average La = 5.58 µg g-1) to Nd (average Nd = 2.62 µg g-1) and 

HREE are flat (e.g. average Yb = 2.3 µg g-1; Figure 29B). Distribution trend of REE 

in type I clinopyroxene is similar to that of metasomatic clinopyroxene disseminated 

in Bakening xenoliths (Kepezhinskas and Defant, 1996) and harzburgite 

clinopyroxene close to lherzolite contact in Lherz xenoliths (LeRoux et al., 2007).  

Type II clinopyroxene occurs only in wehrlite BAK-16-22-03 and displays 

convex-up LREE trend while HREE decrease in abundance from Gd (average Gd = 

3.67 µg g-1) to Lu (average Lu = 2.17 µg g-1; Figure 30B). Its REE abundances and 

distribution trends are identical to bulk-rock pyroxenite (Koloskov et al., 2017) and 

lherzolite clinopyroxene close to harzburgite contact in ultramafic xenoliths from the 

Lherz massif, France (LeRoux et al., 2007). 

Type III clinopyroxene is the most common as it occurs in six Bakening 

xenoliths. Light REE increase in abundance from La (average La ranges from 0.77 

µg g-1 to 1.95 µg g-1) to Sm (average Sm ranges from 2.08 µg g-1 to 4.28 µg g-1) and 
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HREE slightly decrease in abundance from Sm to Lu (average Lu ranges from 1.76 

µg g-1 to 2.37 µg g-1) except clinopyroxene in BAK-16-22-32 whose HREE slightly 

increase in abundance from Sm to Lu (average Lu = 4.62 µg g-1; Figure 31B). 

Abundances and distribution trends of REE in type III clinopyroxene are identical to 

primary clinopyroxene from other Bakening xenoliths (Kepezhinskas and Defant, 

1996) and lherzolite clinopyroxene in Lherz xenoliths (LeRoux et al., 2007). 

Furthermore, heavy REE abundances and distribution trends fall within that of bulk-

rock Bakening pyroxenite (Koloskov et al., 2017).  
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Figure 29. A) Trace element distribution and B) rare earth element (REE) distribution in 

Bakening type I clinopyroxene and its respective equilibrium melt calculated from 

clinopyroxene-melt partition coefficients from Green et al. (2000). Data is normalized to 

primitive mantle (PM; McDonough and Sun, 1995). N-MORB (Sun and McDonough,1989), 

bulk-rock host basalt (Dorendorf et al., 2000) and Bakening mantle xenoliths (Koloskov et 

al., 2017), similar metasomatic Bakening clinopyroxene and Lherz clinopyroxene 

(Kepezhinskas and Defant, 1996; LeRoux et al., 2007) and high-Mg# olivine-hosted 

Bakening melt inclusions (Iveson et al., in prep) are shown for comparison. Purple field 

corresponds to REE composition of boninite (Hickey and Frey, 1982; Pearce et al., 1992; 
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Kelemen et al., 2003). Incompatible trace elements that were not reported in the above 

studies are inferred by dotted lines. 
 

 

Figure 30. A) Trace element distribution and B) rare earth element (REE) distribution in 

Bakening type II clinopyroxene and its respective equilibrium melt calculated from 

clinopyroxene-melt partition coefficients from Green et al. (2000). Data is normalized to 

primitive mantle (PM; McDonough and Sun, 1995). N-MORB (Sun and McDonough,1989), 

bulk-rock host basalt (Dorendorf et al., 2000) and Bakening mantle xenoliths (Koloskov et 

al., 2017) and similar primary Bakening clinopyroxene (dark green field) and Lherz 

clinopyroxene (Kepezhinskas and Defant, 1996; LeRoux et al., 2007) and high-Mg# olivine-
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hosted Bakening melt inclusions (Iveson et al., in prep) are shown for comparison. Purple 

field corresponds to REE composition of boninite (Hickey and Frey, 1982; Pearce et al., 

1992; Kelemen et al., 2003). Incompatible trace elements that were not reported in the 

above studies are inferred by dotted lines. 

 

 

Figure 31. A) Trace element distribution and B) rare earth element (REE) distribution in 

Bakening type III clinopyroxene and their respective equilibrium melts calculated from 

clinopyroxene-melt partition coefficients from Green et al. (2000). Data is normalized to 

primitive mantle (PM; McDonough and Sun, 1995). N-MORB (Sun and McDonough,1989), 
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bulk-rock host basalt (Dorendorf et al., 2000) and Bakening mantle xenoliths (Koloskov et 

al., 2017) and similar primary Bakening clinopyroxene (dark green field) and Lherz 

clinopyroxene (Kepezhinskas and Defant, 1996; LeRoux et al., 2007) and high-Mg# olivine-

hosted Bakening melt inclusions (Iveson et al., in prep) are shown for comparison. Purple 

field corresponds to REE composition of boninite (Hickey and Frey, 1982; Pearce et al., 

1992; Kelemen et al., 2003). Incompatible trace elements that were not reported in the 

above studies are inferred by dotted lines. 

 

3.4.2 Amphibole 

Primitive mantle-normalized (McDonough and Sun, 1995) incompatible trace 

element distribution trends of Avachinsky vein amphiboles vary from enriched in 

AVX-16-03-10 and AVX-16-03-20 (Figure 32A and Figure 33A) to depleted in AVX-

16-03-24 (Figure 34A).  

In AVX-16-03-10, vein amphibole is enriched in all incompatible trace elements 

relative to primitive mantle except for Rb, Th, Nb, Ta, Li and U (Figure 32A). Light 

REE increase in abundance from La (average La = 2.07 µg g-1) to Sm (average Sm = 

7.03 µg g-1) whereas heavy REE are flat (e.g. average Yb = 4.93 µg g-1) with a small 

negative Eu anomaly (Figure 32B). Exceptionally, vein amphibole am 10 displays 

convex-up LREE trend while HREE display concave-up trend (dot-dashed line in 

Figure 32B). Distribution trend of REE in vein amphibole am 10 is similar to those 

reported in Ishimaru et al. (2007), Ishimaru and Arai (2008) and Bénard and Ionov 

(2013). The other vein amphiboles possess REE distribution trends similar to calcic 

amphibole reported in Ishimaru et al. (2007). 

Vein amphibole in AVX-16-03-20 is enriched in most incompatible trace 

elements relative to primitive mantle except for Rb, Th, U, Ta and Li (Figure 33A). 

Light REE increase in abundance from La (average La = 0.97 µg g-1) to Sm (average 

Sm = 5.94 µg g-1) whereas HREE gradually decrease from Gd (average Gd = 7.95 

µg g-1) to Lu (average Lu = 0.67 µg g-1) with a pronounced negative Eu anomaly 
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(Figure 33B). The distribution trend of all incompatible trace elements is identical to 

selvage-related type 2 amphibole described by Bénard and Ionov (2013). 

In AVX-16-03-24, vein amphibole is depleted in all incompatible trace elements 

relative to primitive mantle except for Rb, Ba, Pb and Sr (Figure 34A). Primitive 

mantle-normalized REE trends display concave-up light REE, pronounced positive 

Eu anomalies and increase in HREE abundance from Gd (average Gd = 0.51 µg g-1) 

to Lu (average Lu = 0.67 µg g-1; Figure 34B). The distribution trend of HREE in 

AVX-16-03-24 amphibole is similar to Avachinsky amphibole reported by Ishimaru 

and Arai (2008) and Halama et al. (2009). Two amphibole grains in AVX-16-03-24 

possess different primitive mantle-normalized incompatible trace element trends, 

whose REE abundances gradually increase from La to Lu with both, negative and 

positive Eu anomalies (Figure 34B).  
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Figure 32. A) Trace element distribution and B) rare earth element (REE) distribution in 

AVX-16-03-10 vein amphibole including am 10 (dot-dashed line) and andesitic and basaltic 

andesitic equilibrium melts calculated after Humphreys et al. (2019). Data is normalized to 

primitive mantle (PM; McDonough and Sun, 1995). N-MORB (Sun and McDonough,1989), 

typical Avachinsky andesite and basaltic andesite (Ishimaru et al., 2007) and similar 

Avachinsky amphibole (Ishimaru et al., 2007; Ishimaru and Arai, 2008; Bénard and Ionov, 
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2013) are shown for comparison. Incompatible trace elements that were not reported in the 

above studies are inferred by dotted lines. 
 

 

Figure 33. A) Trace element distribution and B) rare earth element (REE) distribution in 

AVX-16-03-20 vein amphibole and equilibrium melt calculated after Humphreys et al. 

(2019). Data is normalized to primitive mantle (PM; McDonough and Sun, 1995). N-MORB 

(Sun and McDonough,1989), typical Avachinsky andesite and basaltic andesite (Ishimaru et 
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al., 2007) and identical Avachinsky amphibole (Bénard and Ionov, 2013) are shown for 

comparison. Incompatible trace elements that were not reported in the above studies are 

inferred by dotted lines. 

 

 

Figure 34. A) Trace element distribution and B) rare earth element (REE) distribution in 

AVX-16-03-24 vein amphibole and equilibrium melt calculated after Humphreys et al. 

(2019). Data is normalized to primitive mantle (PM; McDonough and Sun, 1995). N-MORB 








































































































































































































































































































































































































































