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Abstract

Contrary to the studies of amwolcanic rocks, mantle xenoliths offer a direct
means to study mantle processes above subduction zones. The Kamchatka arc
comprises a unique group of volcandkat erupt veined (metasoma® mantle
xenoliths. The wide spatial distribution of mantle Xehebearing volcanoes
spanning from the volcanic front (Avachinsky and Shiveluch, this study) to the rear
arc (Bakening, this study) makdsamchatka the perfect place to investigate
metasomatic subarc processes.

A combined study of major and trace elemeompositions with B contents and
!B of measomatic minerals in Avachinsky and Shiveluchantle xenolithss used
to constrain the composition and source of fluids and melts responsible fer melt
rock reactions occurring in the subarc and -e¥ar mantle A close inspection of
Bakening mantle xenoliths revealed that they do not contain any hydrous
metasomatic minerals suitable f@ and (*B analyses Thus, the study of
metasomatic reactions in the reac mantleat Bakening idimited hereto major
and trace elememineralcompositions

Multiple pulses of compositionally diverse fluids and melts derived from
progressively deeper portions of the subducting slab percolate through the subarc
mantle. The | ow B B ofwdnennéras inaAnaghinskgraj at i v e
Shiveluch xenliths indicatethat they are products of fluids and melts released from
subducted andlreadydehydrated altered oceanic drasd, to a lesser extent, from
serpentinite. Avachinsky and Shiveluch mdat xenoliths, however, weréter
overprinted by evolved melts in the upper crust prior to the eruption. Vein

amphibole major and trace element compositions indicate their equilibraition

\"



Vi
evolved mek similar to amphibole and plagioclaséosted melt inlusions in
Shiveluch volcanic rock§Humphreys et al., 2008)Contrastingly, Bakening
xenoliths lack any evidence of extensive flfliaking of the reararc mantle, which
was instead fluxed by pyroxenitaelt mixed with a small amouraf carbonatite

component.
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Chapter 1
Introduction

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 wherestiteducting (typically oceanic) plates
descend into the mantl€igure 1). Generation of arc volcanic rocks is attributed to
contribution of volatiles fsm the hydrated subducting plaf€atsumi, 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., 2029jith ongoing subduction and increasing
pressure and temperature, the subducting slab dehydrates and liberates volatiles that
percolate into the overlying depleted subarc maiithe. high solidus temperature of
dry mantle peridotite (T ~ 1460 °C at 3 GR#irschmann, 2000js dramatically
suppressed via the addition of volatiles (T ~ 900 to 800 °C at 1.5 to 3 GPa,
respective; 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 combinationsefliment mejt AOC-derived fluid,
residual AOC melt and serpentinite fluid (eTgtsumi, 1989; Hott, 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 comp@vienis et

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

large ion lithophile elements (LILE) and hea¥AB are attributed to AOCand

serpentinitederived fluids, respectivelie.g. Elliott, 2004; DeHoog and Savov, 2018

and references therein)

Slabderived fluid and melt flow that connects the slab dedyoh or melting

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

(John et al., 2012; Pirard and Hermann, 2015; Plumipak.,e2016)or via diapiric

rise of buoyant serpentirdominated mélangedNielsen and Marschall, 2010y a

combination of bothRigurel).

“Classic” metasomatised
mantle-wedge melting

® =2 Arc volcano

lle

B Mélange-diapir melting

*=2 Arc volcano

P

Overriding plate

Overriding plate

Mixing
sediment mielt +
AOC fluid +

mantle

Mixing

bulk sediment + 0
AOC + fluid +

mantle

Figure 1. Models of slab material transport in subduction zones. In A)-déalved fluids
and melts are transported to the mantle melting region via (@ots et al., 2012; Pirard
and Hermann, 2015; Plumper et al., 20E6)d in B), mélange diapirs made up of a mix of
slab-derived material rise to the mantle melting region. Figure is frNmelsen and

Marschall (2017)
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1.2 Kamchatka subduction zone

1.2.1. Regional geology

The Kamchatka arc (Far HaRussia) is part of the active KuKlamchatka
subduction zone located in the newlestern PacificKigure?2). It is situated on the
continental margirof the Eurasian plate overlying the 80 Ma old (Cretaceous)
Pacific plate subducting at ~ 7.5 to 8.3 cn{Awdeiko et &, 2007) The Kamchatka
arc comprises three volcanic belts: the Eastern volcanic front (EVF), the Central
Kamchatka depression (CKD) and the Sredinny range (SRCaugikova et al.,
2001; Portnyagin and Manea, 2008)he Central Kanchatka 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 peninsulgGorbatov et al., 1997)The KurileKamchatka trench

terminates at the junction with the Aleutian transform fetitjre2).
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Figure 2. Location of the Kamchatka peninsula in the nestdstern 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) areoutlined by dashed lines. Solid lines outline ddptklab contours in km
(Gorbatov etal., 1997) Modified from GeoMapApp (http://www.geomapapp.oRyan et

al., 2009)

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

arranged in an en echelon manner from northeast to southvigiste3):

1 West Kamchatka (active in the Eocene)
1 Mid-KamchatkaKurile (active in the Lat®ligoceneMiocene)

91 Kurile-Kamchatka (active from 5 Ma agAydeiko et al., 200).

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 1D 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 id arke
the Avacha, also known as MalRetropavlovsk transverse fault zone, dividing the
peninsula into the northern and southern segméatsder and Shapiro, 20Q07)he

SR represents an ancient volcanic front of the-KidnchatkaKurile subduction

zone that has been active since the Miocé&mgu(e4; Avdeiko et al., 2007; Lander

and Shapiro, 2007)

The Kamchatka arc uniquely portrays the initial &indl 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 skageré
4; Avdeiko et al., 2007; Lander and Shapiro, 200Fhe different stages are
reflected indifferent mantle composition under the EVF and SRe Tomposition
of mantle under the EVF and CKD is similar to thatdepletedN-MORB whereas
mantle composition under the SR resembles that of @lurikova et al., 2001,
Churikova et al., 2007; Volynets et al., 2010he depleted mantle composition in
the reararc 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 rocksute 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; lonov, 2010; lonov et al., 2011; Bénardl donov, 2012; lonov et al., 2013;
Bénard and lonov, 2013; Bénard et al., 2017; Siegrist et al., 28figjies of these
mantle xenoliths have been central to investigating a@@ssmetasomatic

processes in the subarc mantle. For this study, | cetlestantle xenoliths from

5
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Avachinsky, Bakening and Shiveluch volcanoegre 2), in addition to revisiting

the Shiveluch mantle xenolith suite studgdBryant et al. (2007)

150° 160° 170° 180° -170°

38 Ma s

60°

{\
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‘onotyki A

3
(ceasing itgactivity) \

50°|
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55°
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t

155° 165° 155° 165° 155° 165°

Figure 3. Geodynamic reconstructions of the phBsicene 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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1.2.2. Avachinsky volcano

Avachinsky volcanoKigure5A) is located in the EVF at a deptixslab of ~ 120
km (Figure 2; Gorbatov et al., 1997)The characteristic volcanic rocks erupted at
Avachinsky comprise loviK andesitesd basaltic andesitg®raitseva et al., 1995;
Braitseva et al., 1998) hat have the hi ¢hefsltstuBedcontents
Kamchatka volcanoes (36.3 pglga n d + 5 Istik8wa at; al., 2001)
Metasomatized mantle xenolithBigure 5B), representative of higtegree partial
melt residues (estimated degree of partial melting = 28 to 3686y, 2010) were
recovered from an andesitic pyroclastic flow from lti#es stage of volcanic activity
(75003700 years agoBraitseva et al., 1998)Avachinsky peridotites have been
metasomaned by AOGderived melts and fluids subsequent to the high degree of
mantle meltingKepezhinskas and Defant, 1996; Arai et al., 2003; Arai et al., 2007;
Ishimaru et al., 2007; lonov and Seitz, 2008; Halama et al., 2009; lonov, 2010;
Soustelle et al., 2010; lonov et,aR011; Bénard and lonov, 2012; Bénard and

lonov, 2013; Bénard et al., 2017)
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.‘u

DRSS R A,

-8

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 pyroclasti¢Blatseva et

al.,1998) ocated at 53A16636.0066N and 158A460638.
volcana
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1.2.3. Bakening volcano

Bakening volcanoRigure6A) is located in the reaarc of the EVF at a deptio-
slab of ~ 200 kmKigure2; Gorbatov et al., 1997Frupted volcanic rocks typically
consist of dacites and andesitesl maumerous basaltic cinder cones are scattered
across the Bakening volcanic figidorendorf et al., 2000)

Novy Bakenig (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 pyroxenit¢Borendorf et al., 2000)The xenoliths are
entrained in plateau basaltigure 6B; Dorendorf et al.,2000) and reportedly
originate from the plagioclasspinel transition zong¢Koloskov et al., 2017)No

comprehensive study of Bakening mantle xenoliths exists to date.

10
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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 RJones. B) Mantle xenolithearing plateau basalts located on the nerth
eastern flank of the Novy Bakening cone at
person above the snow field for scale.
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1.2.4. Shiveluch volcano

Shiveluch volcano is the northernmoattive volcano in the Kamchatka
peninsula feigure2). It is located in the CKD at a deptibrslab of ~ 90 kmKigure
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

(Figure7; Ponomareva et al., 2007; Gorbach et al., 2013)

Young Shiveluch

1964 deposits
Baidarny Ridge 2005 deposits

: ive
Baidar"a‘a ks

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 fRonomareva et al. (2007)

Typical lavas erupted at Young Shiveluch during the Holocene are mddium
andesites which contain higWig# olivine (Mg# = 75.6 to 92.5) with &pinel
inclusions(Ponomareva et al., 2007; Nekrylov et al., 20IB)ese lavas possess
typical geochemical characteristics of adakites, such as high MgO, NiO; &rd

Sr contents and elevated Ni/Co, Cr/V and S¢Defant and Drummond, 1990)

relative to other mediurrK andesites in Kamchatkd he origin of adakitdike

12
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volcanic rocks at Young ShiveludKepezhinskas et al., 1997; Yogodzinski et al.,
2001; Munker et al., 2004)as been attributed to slab melting at them€hatka
Aleutian junction by upwelling of hot asthenospheric ma(®eyton et al., 2001;
Yogodzinski et al., 2001; Levin et al., 20059)he 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 Shivekigare 8;

Yogodzinski et al., 2001)

Dredge sample
Buldir 70B-29 Kluchevskoy
~ i Attu group

, Seismicity

Figure 8. Asthenospheric mantlfow around the subducting Pacific plate underneath
Shiveluch. The Aleutian transform fault zone tears the subduBtcific plate which is
heated upby the upwelling hot asthenospheric mantle. Figure is fogodzinski et al.
(2001)

Older erupted volcanic rocks constituting the Old Shiveluch volcanic edifice
consist of both andesites and basaltic andeg&esach et al., 2013Yhe shift in
magma ckmistry between the Old and Young volcanic centres has been attributed
to different source compositions of their parental magmas (a shift frorAfiiluied

to meltfluxed subarc mantléserlito, 2011)

13
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Like Avachinsky, Shiveluch volcanic rocks also have high concentrations of B
and ps i t MBrratiosi(24.9uggand + Bhikasaet al, 2001) However,
amphibole and plagioclase hosted melt inclusions in Shiveluch volcanic rocks
typically record higher B contents of 50 to 80 pfamdcan contain as much as 175
ug gt of B (Humphreys et al., 2008Yhe high B and other fluid mobile element
(FME) contents were attributed to the subductionhef Aleutian transform fault
underneath the CK@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 CKBglre 9; KonradSchmolke and Halama,

2014; KonradSchmolke et al., 2016)

a Slab surface depth (km) b Slab surface depth (km) C Slab surface depth (km)
100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350
2:@?”& Agod = crustal 10 \.\ 006 10}
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= Chiout = slab mante e B W | 1o &8
1 {wadge) Eror .ﬁ"r‘* I P2 o
@l o o el %
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Figure 9. Modelled slabd er i ved wat er ( A) a HBdof theaaleased ( B)

fluids (C) in Kamchatka subduction zorkhe Central Kamchatka depression volcanism
coincides with high water and B flux of positi¥#éB derived from antigorite dehydratioin
the slab lithospheric mantle. Figure is frdfonrad 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

14
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orthopyroxeneaich veins crosgutting the xenoliths record percolation of silica
rich, hydrous fluids and melts through the uppermost subartlenahereas the
hydrous amphiboleand phlogopiteich veins record percolation of fluids of late

stage magmatic origi(Bryant et al., 2007)

Figure 10. Photo of Shiveluch harzburgite SH9&K. Note the mracale vein crossutting
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 divers 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, flmobbile and trace element
systematics of metasomatized ultramafic xenoliths from three Kamchatka arc

volcanoes, Shiveluch, Avachinsky and BakeniRigre2). These three Kamchatka

15
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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 epthtd-
slabof ~ 90 kmand on the trek of a subducting transform fafigure2; Gorbatov
et al., 1997) Avachinsky volcano is located in the EVF at a deptklabof ~ 120
km (Figure2; Gorbatov et al., 1997and Bakening volcano is located in the rasr
EVF at a deptho-slab of ~ 200 km (Figure 2; Gorbatov et al., 1997)The new
results presented here are used to challenge
geochemi EonySachenod ke and athad aanant rdiGbludt)e v al ua
primary data of mantl e volatile and FME <co
vol canic fronts.
The aims and objectives of my thesis are:
T to constré@aBnspFMEeamnati cs of veined mantl e
T to determine composi tiiodis apnedr csooluartcien go ft hnmmeo

t he Kamchatka subarc mantl e

T to quanti fy -dtelra vreal ened ft sslaamld f |l ui ds on m
Kamchatka arc volcanoes and
1 to construct a transect through Kamchatka subarc mantle spanning from the
volcanic front dominantly lixed with slabderived fluids at Avachinsky
versus slatmlerived melts at Shivelua@ndto the reasarc at Bakening.
The thesis is subivided into six chapters, including the introductory Chapter 1
and methodology Chapter 2. Chapter 3 presents new major 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:
16
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1 What is the composition of the subarc and rear 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 reasarc.

1 Do metasomatic processes and nnetik reactions differ between the subarc
and reararc mantle?nflux of slabderived fluids decreases with increasing
depthto-slab (e.g. Rupke et al., 2004yhich affects the degree of mantle
melting and the nature of melbck reactions occurring in the subarc and
reararc mantle.

1 What is the composition and origin of the asstmatic agent? Is it identical
to that trapped in higiMg# olivinehosted melt inclusionsZxperimental
mineratmelt trace element partition coefficients are used to constrain the

composition of melts in equilibrium with metasomatic minerals.

Chapter 4 prsents new major, minor and trace element and halogen (Cl and F)
mineral compositions in Shiveluch mantle xenoliths. The following research

guestions are addressed in Chapter 4:

1 What is the composition and origin of the metasomatic agent? Is it identical
to that trapped in higtMg# olivinehosted melt inclusions2n addition to
the experimental minerahelt trace elemenpartition coefficients used in
Chapter3, the composition of melt in equilibrium with vein amphibole is
constrained from amphibole majelement(Zhang et al., 2017; Humphreys

et al., 2019pand halogen (Cl and F) compositions.

17
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Chapter 5 presents new measurements of B conteni##d of vein mineral s
Shiveluch and AWVledohowingsgdsearchkqaestions aré daddressed

in Chapter 5:

T What is the B budget AfurKiagqued ait kvae stuib@atci a
the B cycle in Avachinsky @anddo8hi welauch s
hydrous vei nitBainmdryaslesB and

T Which subducting slab | ithol olgty hass the so
been demonstrated that each subducting sl
oceanic crust and sdilpentwwhniche) spwsses yewu
as a tr adeerri voefd smed(tes gandeHlowigdsand Savov,
and references therein)

1 What is the role of metasomatized subarc thearon the genesis of
Kamchatka arc volcanic rocksA popular model of partial melting of
metasomatized subarc mantle generating the characteristic-rieME
signature of arc volcanic rocks.g. Kepezhinskaat al., 1995; Kepezhinskas

and Defant, 19965 challenged withthene@ 8 of hydrous vein mine

Chapter 6 presents discussion and conclusions in which a geochemical transect
through the Kamchatka subarc mantle synthesizes results from Chapteaian®B5

and in which the results are compared to mantle xenoliths from other volcanic arcs.
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Analytical methods

Mineral compositions were measured ibysitu analytical techniques described
in this chapter. Major and minor element mineral abundances were analyzed via
electron probe micranalyzer, trace element abundances were analyzed via laser
ablation inductively coupled plasma massp e ¢t r o me t '8y watarnadd B,
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 JECL
JXAB8230 electron microprobe at the University of Leeds. Three different sets of

operating conditions were usefiaplel) dependent on mineralogy.

Table 1. EPMA operating conditions

Mineral Accelerating Beam Count times major Count times minor

voltage current elements (s) elements (s)
(kV) (nA)

Olivine, 20 30 30 30-45

pyroxenes,

spinel

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

Cl)
Amphibole 20 15 15 30 (ClI), 60 (F)

19
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Primary standards almandine (Al), olivine USNM 2566 Springwater (Si, Mg, Fe),
diopside (Si, Mg, Ca), rhodonit@Mn), rutile (Ti), CrO3 (Cr), Ni metal (Ni) and
haematite (Fe) were used to calibrate the mafic mineral analyses. Spot site was
pm.

For phlogopite and amphibole analyses, the primary standards employed were
almandine (Al, Fe), diopside (Si, Mg, Ca), domite (Mn), jadeite (Na), ¥eldspar
(K), rutile (Ti), Ni metal (i), fluorite (F) and halite@l). Spot size waé pum.

Mineral standards San Carlos olivine {ffloUSNM 111312/444, chromite
USNM 117075, 7308 Geo2 diopside, 7302 almandine, Kakaounblende USNM
143965 and 7314 {spar were run as unknowns in between the mineral point

analyses to assess data quakig(rell).

2.5 1.4
A) San Carlos olivine (FO90) USNM 111312/444 B) Chromite USNM 117075

12 P
2 F
1}

Unknown std/Lit std
Unknown std/Lit std

MgOo FeO SiO; Ca0 MnO Al,O3 MgO FeO MnO  TiO, Cr,03  NiO

C) 7308 Geo2 Diopside

£ |
el ’\+/‘_'

D) 7302 Almandine

Unknown std/Lit std
o
S
Unknown std/Lit std

0 0 " . . " "
MgO FeO Si0, Ca0 SiO, Al,05 FeO MnO MgO Ca0
1.4 1.2
E) Hornblende Kakanui USNM 143965 F) 7314 K-spar
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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 symautaolarger 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 masspectrometer (ICIRS) using an Agilent 8800 ICRIS Triple Quad
attached to a laser ablation system Photon Machines Analyte Excimer 193 nm at the
Open University. The laser beam diameter was 65 um and laser repetition rate was
10 Hz. The total acquisition time was 90 s per spot including 30 s laseruparm
time and 30 s wasbut 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 assesatd quality Figure12).

1.2

08

06

Unknown BCR/Lit BCR

04

0.2

Rb Cs Ba Th U Nb Ta La Ce Pb Pr Sr Nd Sm Zr Hf Eu Ti Gd Tb Dy L Ho Y Er Tm Yb

Figure 12. Data quality assessment of UI8P-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 Secondaryion mass spectrometry (SIMS)

2.3.1 Boron and 0B

Boron ¢ onc e AB wesetnieasurath siéumdhlogopite, amphibole,
orthopyroxene, olivine and plagioclase using a Camecal®i® at the Edinburgh
lon Microprobe Facility (EIMF). Boron isotopicompositions arereported as

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

la% (:) 11
. 11 0 hd
1 O - a— P P TITT Equation1
H— ]
u © ¥

The primary ion beam dfO, 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 um to 309Bmand 'B
signals were deteetl 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/ gpm) was °Bebl eatd %BHo interfezemoed. VBeron
concentrations were estimated frétB count rates using GSB& as a standard (50

ppm B).

Uncertainties of the B concentrations are ~ 20 % RSD. Amphibole 21664 and
21805, mica MVEOz3B-5, 803 and JJEOB (for phlogopite), serpentine Srp 21826
and Srpgeissl and basaltic glass GSB1 BCR2G ard pyroxene JJEGX-3 (for
olivine and pyroxene) were used as calibration standards for isotope(Estdsog
et al.,, 2017) Significant matrix effects were observed between different hydrous

minerals, as already reported bgHoog et al. (2017)with offsets of-3 . 1 -3,

a amd8 a for amphibol e, mi ca and serpentine
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pyroxene, respectivel y. Me 4B valueefor ahe i v e

samples was 1.4 a for phl ogopi tyrexenel . 6

o

1.7 a for olivine and 1. 3
2.3.2 Water and halogens (Cl and F)

Water and halogen (Cl and F) contents were measiresitu in Shiveluch
phlogopite and amphibole using Cameca St the Edinburgh lon 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 um. The concentrations
of H, *°Cl and!°F were obtained by usinySi determined by the previous EPMA
analysis. Amphibole LaKip, Kipawa, Grenada and Kakanui, hornblende Norway,

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

Water contentsvere reanalysed at a different analytical session in the same
amphibole and phlogopite grains to monitor repeatability of my previous analysis
(Figure13). Significant matrix effects were observed in amphibole due @ Nad
Mg# and between phlogopite and biotite. Amphibole repeat analyses were re
calibrated using lovNa2O amphibole Kipawa, Grenada, Kakanui and Norway.
However, no matching amphibole st@nd 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 higl{Figure13).
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Figure 13. Water contents of Shiveluch amphibole and phlogopite analysed during the
initial and repeat SIMS sessioBst r or bars. represent 210

2.4 Temperature-oxygen fugacity calculations

Equilibration temperature of peridotites was calculated using the cbyime|

geothermometer dd 6 N eandlWall (1987)

1= Jem J Vemll | Veull | Vel R L | Veml | Vel
=|1| 5 8 f4f Sa u:_%l I “F» w1
T, 8
Equation 2

where mole fractions of Mg, Fe, Ti, Cr and®F& olivine, spinel and orthopyroxene

are
: N
W SO 00 Equation 3
,‘ 60
W S0 00 Equation4
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W 00 0O Equation5
) "0Q
() 00 50 Equation 6
”n "Y!Q
W YO 00 81 Equation7
) 01
W YO 00 61 Equation 8
. 0Q
() YO 00 B Equation 9
@
V] —— ;
W Equation 10
5

and R is 8.31441 (JknolY), pressure is in kilobars and temperature is in degrees
Kelvin.
Equilibration temperature of pyroxenites was calculated using theywaxene

geothermometer drey and Kohler (1990)

CoOQOTC® pcamd 0

c@®U 8- 0B o Equation11
where

. p 66

v : o 66 Equation 12
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0] T — i
b 0 Equation 13

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

Error of the twepyroxene geothermometer was estimated to be + §a@rka,
2008) Pressure was assumed to be 1.5 GPa in the equilibration temperature
calculations because of the absence dlialyle 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 geothermometgr O6 Ne i | | a nahangi's thd calculat€d8 7 )
temperature only by 14 °C.

Ferric iron (Fé") in spinel and orthopyroxene was estimated via the general

equation oDroop (1987)

i~ e Y
O cwp %, Equation 14

where F is the number of dons 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 Fe The equation assumes that no element has variable
valency other than Fe and that oxygen isdhly anion. The equation is applicable
to ferromagnesian oxide and silicate minerals.

Oxygen fugacity fo2) was calculated aftaVood et al. (1990and is reported in
log units relative to fayalitenagnetitequartz buffer (FMQ;Mattioli and Wood,

1988)

26



Chapter 2
Analytical methods

o . i ™o Pw
1 1Qé ; aERBO § oy 20@
Y Y
s U s w n
P Q £DQ %cw o0 € O
ca €6
where
. "0Q "0Q
@ YO @ p
o "0Q
YO @ ¢
e e 900 P ey
(*Q ~ T Y 0
PLO QOO Wi PLW@OO i
oT ® QO

and pressure is in bars and temperatune degrees Kelvin.
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Chapter 3

A transect through Kamchatka subarc mantlevia
the study of metasomatized mantle xenoliths from

Avachinsky and Bakening volcanoes

3.1 Introduction

Shifts in composition of arc volcanic rocks acrass have been reported in
several Kamchatka studig$lochstaedter et al., 1996; Churikova et al., 2001;
Duggen et al.,, 2007)lt has been demonstrated that subarc mantle composition
exerts the main control on the systematic compositional shift from volcanic front to
reararc volcanic rocks. Kamchatka arc front volcanic rocks are more depleted than
their fertile reararc counterpartHochstaedter et al., 1996; Churikova et al., 2001)
and can contain trace amounts of sediment melt in their s¢Duggen et al.,
2007) Hochstaedter et al. (1996foposed that the fertile rearc mantle becomes
depl eted by the time it reaches volcanic
model, reatarc mantle flows towards the trench. Trace amounts of sediment melt
component in arc front volcanic rocks from Mutsky volcano have also been
attributed to the trenetvard flow of moderately depleted rearc 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 stadh acrossirc. As demonstrated via the
study of arc volcanic rocks, systematic differences between subarc arataear
mantle composition exist in KamchatkBuggen et al., 2007Here, | investigate
metasomatic processes occurring in the subarc andreanantle vialte study of
metasomatized mantle xenoliths. this study, Avachinsky represents a volcanic
front volcano located in the eastern volcanic front (EVF) and Bakening represents
the countespart reararc 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 Avachinaky Bakening
mantle xenolithsgection3.2) and major gection3.3) and trace elemenséction3.4)
composition of their constituent minerals and tladcualated composition of melts
with which they are in equilibriuni3.5.4. The trace element composition of melts
in equilibrium with amphibole and clinopyroxene Avachinsky and Bakening
xenoliths is used to constrain the composition of the mantle melting source under the

volcanic arc and reaarc, respectivelysgection3.5.4).

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 harzburgite§igure 14 and Table 2; Streckeisen, 1979)Only one
Avachinsky xenolith consists of clinopyroxene, olivine and interstitial amphibole
and is classified as pyroxenitéigurel4 andTable2; Streckeisen, 1979)

Avachinsky peridotites display protogranular and porphyroclastic textures that
are characteristic of mantle xenolittagure 15 and Table 2 Mercier and Nicolas,
1975) Olivine grain size gradually decreases from protogranular to porphyroclastic.
Protogranular texture is characterized by moesamped crystals with straighmed
boundaries whereas porphyroclastic texture is characterized by two olivine
populations, lage elongate strained crystals called porphyroclasts and small
polygonal straidree crystals called neoblastEidure 15; Mercier and Nicolas,
1975) Avachinskypyroxenite displays coarse texture.

Detailed petrographic study has revealed a thin hornblende selvage between
harzburgites and the host andeskere 16A) and numerous melbck reaction
textures such as dunite vei(isigure 16B and C), orthopyroxene replacement by
secondary clinopyroxeneFigure 16D) and a networkof crosscutting hydrous
(Figure 16E) and anhydrous veing-iQure 16F). Hydrous veins are composed of
amphibole, orthopyroxene, clinopyroxene and occasionally relict phlog&jbgeré¢
16E). Anhydrous veins are dominantly composed of orthopyroxene and
clinopyroxene, with only occasional amphibolegure 16F). Both vein types are
observed inAVX-16-03-10 whereby an anhydrous vein is crasg by a hydrous
vein (Figurel7B). The hydrous vein branches into twagure17A). One of the two
hydrous veins (vein 15 produced at the expense of primary harzburgite minerals,
olivine and orthopyroxene, whexe the other hydrous vein (veR) replaces a

former orthopyroxenite vein.
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Figure 14. Classification diagram of mantle xenoliths from Avachinsky and Bakening
volcanoes (diagram afteBtreckeisen, 1979)
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Table 2. Classification of Avachinsky and Bakening mantle xenoliths

Volcanic Sample  Rocktype Group % % % Texture
centre ol opx cpx
Avachinsky AVX-16- Pyroxenite = Wehrlite 22 78 Coarse
0301
AVX-16- Peridotite Harzburgite 78 22 Porphyroclastic
0302
AVX-16-  Peridotite Harzburgite 87 13 Protogranular
03-07
AVX-16- Peridotite Harzburgite 87 13 Porphyroclastic
0309
AVX-16- Peridotite Harzburgite 76 24 Protogranular
0310
AVX-16- Peridotite Harzburgite 75 25 Protogranular
03-20
AVX-16-  Peridotite Harzburgite 83 17 Protogranular
03-23
AVX-16-  Peridotite Harzburgite 65 35 Protogranular
03-24
Bakening BAK-16- Pyroxenite Olivine 7 25 68 Coarse
22-01A websterite
BAK-16-  Peridotite Wehrlite 58 42  Protogranular
22-01B
BAK-16-  Peridotite Wehrlite 69 31 Protogranular
22-03
BAK-16-  Peridotite Dunite 92 8 Protogranular
22-04
BAK-16- Pyroxenite Clinopyroxe 8 92 Coarse
22-05 nite
BAK-16- Pyroxenite  Wehrlite 14 86 Coarse
22-09
BAK-16- Pyroxenite Websterite 65 35 Coarse
22-32
BAK-16- Pyroxenite Websterite 21 79 Coarse
22-42
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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 AY&03-09.
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Figure 16. Melt-rock reaction textures recorded in Avachinsky mantle xenoli#)s
Amphibole selvage formed between harzburgite -A&R3-20 and the host andesite. B)
Melt inclusions in spinel and C) olivine neoblastsdanite vein inAVX16-03-09. D)
Clinopyroxene overgrowing coarse orthopyroxene around the edges ifl&U3X02. E)
Rare cluster of phlogopite grains inside hydrous vein cooging AVX16-03-24. F)
Orthopyroxene overgrown by amphibole and clinopyroxene in anhydrous veircatteg
AVX-16-03-23. Abbreviations: Am = amphibole, Cpx = clinopyroxene, Ol = olivingx ©
orthopyroxene, Phl = phlogopite and Spl = spinel.
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Figure 17. Vein types in AV216-03-10. A) Amphiboleich hydrous vein branches into two
(vein 1 and 2). B) Hydrous vein (outlined by red dotted line) ecass orthopyroxeite vein
(outlined by blue dotted line). Abbreviations are the same Bgyime 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 webstest(n = 2), clinopyroxenite (n = 1), wehrlite (n = 1) and olivine
websterite (n = 1) to olivindominated wehrlite (n = 2) and dunite (n =Figure14
and Table 2). Similar to Avachinsky peridotitesBakening peridotites display
protograntar texture Mercier am Nicolas, 1975and Bakening pyroxenites display
coarse texture.

Bakening pyroxenites and peridotites record several-roelt reaction textures
such as mineral zoningrigure18A) and dissolutionKigure18B) in the host basalt,
poikilitic overgrowths of clinopyroxes (oikocrysts) on orthopyroxene and olivine
(chadacrystsFigure 18C and D) and rapidly quenched symplectite consisting of
olivine and glassKigure 18F). Exsolution lamellae of orthopyroxene and spinel
occur in some coarse clinopyroxene grains but comparatively few orthopyroxene

grains contairtlinopyroxene exsolution lamellaBigure18C 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 BA%22-01B. B) Dissolution of
clinopyroxene at the contact with the host basalt in olivine websterite IB8-01A. C)
Crystallization of clinopyroxene at the expense of orthopyroxene in websteritd B2X
42. D) Polikilitic clinopyroxene enclosing an olivine grain in wehrlite BF<22-01B. E)
Exsolution lamellae of orthopyroxene and spinel in coarse clinopyroxenehrite 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 BAx22-32. Abbreviations are the same as in
Figure 16.

3.3 Major element mineral chemistry

Mineral major element abundand@serage values ifable 3 and Table4 and all

data inTable AL6, Table Al7, Table AL8, Table ALY, Table A20andTable A21in
Appendix A were measured by electron probe micro analyser (EPMA) using a
JEOL JXAB8230 instrument at the University of Le¢fits analytical conditions see

section2.1).

3.3.1 Olivine

The composition of olivine in Avachinsky mantle xenoliths varies in forsterite
component from F9to Fogz and in Bakening mantle xenoliths from7Et Fosgz
(Figure 19, Table 3 and Table 4). Silica content increases with higher olivine Fo
component in all xenolithexcept forBAK-16-22-04 in which silica content varies
from 39.3 wt % to 40.8 wt % at a constant Fo component (~ &&gByre 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 Pégure 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 INgtO olivine (average
MnO = 0.45 wt %) in harzburgit@VXx-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, MM and high MnO olivine
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is adjacent to the host basalt except vegbsterite BAK-16-22-32. Olivine in
websteriteBAK-16-22-32 is a quenched mineral phase intergrown with glass that

formed around clinopyroxene, orthopyroxene and spinel graigare18).

42 0.5

AVXlit A ol at the contact B
) ol at the contact 0.45 with a hydrous vein \
A Avachinsky with a hydrous vein o Aﬂ Ag
n A Bakening &
0:35: b ol at the contact
= ol at the contact = A
= with the host basalt X ozl X with the host basalt
= -
3w 3 ox
~
o Q o2f
wn =z
e 015
39
01
subarc cratonic 005 |
mantle ol _mantle ol :
38 L L T <> 0
75 80 85 %0 95 0 0.7
Fo (%) MnO (wt %)

Figure 19. A) and B) Cevariation plots of major elements in olivine in Avachinsky and
Bakening mantle xenoliths. Avachinsky olivine has higher Fo component and NiO content
and lower MnO contentiin that of Bakening. ®e that olivine in websterite BAK6-22-

32 isa quench mineral m@se related to the host basdlata is compared to Avachinsky
olivine literature values fromArai et al. (2003), Ishimaru et al. (2007), lonov (2010) and
Bénard and lonov (2013)

3.3.2 Spinel

Spinel in Avachinskykenoliths is Cirich with Cr# [Cr# = Cr(Cr + Al)] ranging
from 47 to 75 whereas spinel in Bakening xenoliths isiél with Cr# ranging from
1.5 to 30 Figure 20, Table 3 and Table 4). The refractory mantle origin of
Avachinsky harzburgites is demdrated by the high Cr# and Mg¥g# = Mg/(Mg
+ Fe")] of spinel that are similar to spinel from other depleted subarc mantle
peridotites Figure 20A) and by their high Fo component in olivinEigure 20B).
Spinel exsolved as thin lametlan Bakening clinopyroxene possesses higher CaO
(from 0.55 to 0.83 wt %) and Sidfrom 0.04 to 0.57 wt %) contents thame

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 (OSMA4rai, 1994)whereas Bakening data lies outside OSMA.
Figure was modified afteBryant et al. (2007)Shiveluch field was constrained frd@ryant

et al. (2007)and my data presented in Chapter 2, Avachinsky field was constrained from
Kepezhinsks and Defant (1996), Arai et al. (2003), Ishimaru et al. (2007), Halama et al.
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(2009) and lonov (2010Kilbourne hole peridotite field was constrained fréfarvey et al.
(2012) and MORB field was constrained froArai (1992) Concentration of F& was
calculated aftetDroop (1987)

3.3.3 Orthopyroxene

Orthopyroxene is classified as Mgh enstatite Figure 21) with Mg# ranging
from 83 to 93 in Avachinsky xenoliths and from 79 to 88 in Bakening xenoliths
(Figure 22, Table3 andTable4). 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 xenolithgigure 22A) whereas MnO and Tifcontents
decrease with increasing MgEigure 22B and C). No systematic trends exist for
NiO, CaO and GOz contents with increasing Mg#igure22D, 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 iVX-16-03-20 has lower Mg# (from 83.5 to
85.2) SiC; (from 54.4 to 55.6 wt %) and &Ds (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.
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Figure 21 Classification of Avachinskygreen circles)and Bakening(red circles)
orthopyroxene (enstatite) and clinopyroxene (diopside and augite \Mdtémoto (1988)
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Figure 22. A) to F) Covariation plots of major elements in Avachinsky and Bakening
orthopyroxene. Avachinsky orthopyroxene has highes, $i@, CaO, CsOs; and Mgf and

lower MnO andTiO. 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 compositioData is compared to Avachinsky orthopyroxene
literature values fromArai et al. (2003); Ishimaru et al. (2007); Ishimaru and Arai (2008);
lonov (2010); Ishimaru and Arai2011); Bénard and lonov (2012Bénard and lonov

(2013.
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3.3.4 Clinopyroxene

Clinopyroxene is classified as diopside and auditgure21) with Mg# ranging
from 80.3 to 94.8 in Avachinsky xenoliths and from 77 to 88.8 in Bakening
xenoliths Figure23, Table3 andTable4).

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 W&, average of 53.2 wt % and from 19.5 to 23.3
wt %, average of 22.2 wt %, respectively in Bakening xenolRigufe23A and E).
Their MnO, TiQ and NaO 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#g(re 23D). Both, exsolutiorfree
and exsolutiorbearing clinopyroxenes in Bakening xenoliths are compositionally

identical.
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Figure 23. A) to F) Covariation plots of major elements in Avachinsky d@wkening
clinopyroxene. Avachinsky clinopyroxene has highep,S\@D, CaO and Mg # and lower
MnO, TiG and NaO contents than that of BakeninBata is compared to Avachinsky
clinopyroxene literature values frodrai et al. (2003); Ishimaru et al. (2007); Ishimaru
and Arai (2008); lonov (2010); Ishimaru and Arai (201Bénard and lonov (2012);
Bénard and lonov (2033

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 Ti®@ contents decrease with

increasing Mg# Kigure 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»T#00.62 wt %),
respectively. INAVX16-03-10 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 AVX-16-03-24 (Figure24C). Amphibole inAVX
16-03-10 andAVX-16-03-20 possesses higher Tirom 0.6 to 1.4 wt %) and N@
contents (from 1.75 to 2.6 wt %) than thatAdfX-16-03-24 (from 0.01 to 0.3 wt %
and from 0.6 to 2 wt %, respectivellfjgure 24B and D). NaO content of vein
amphibole INAVX16-03-20 and AVX-16-03-24 decreases with increasing Mg#
whereas that oAVX-16-03-10 stays at a constant average value of 2.37 wt % with
increasing Mg#HKigure24D).

Avachinsky vein amphibole is calcic and predominantly falls into tategories,

magnesiohornblende and pargasitig(re25; Leake et al., 197).
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Figure 24. A) to D) Cevariation plots of major elements in Avachinsky amphibole. Data is
compared to Avachinsky amphibole literature values ffwai et al. (2003); Ishimaru et al.
(2007); Ishimaru and Arai (2008); lonov (2010); Ishimaru and Arai @0Bénard and
lonov (2012);Bénard and lonov (2033
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Diagram parameters: Ca, > 1.50; (Na + K), < 0.50; Ca, < 0.50
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Figure 25. Classification of Avachinsky vein amphibole afterake et al. (1997)Two
groups of compositionally distinct amphibole occur in Avachinsky veins. A) Amphibole with
lower (Na + K) is classified as magnesiohornblende and tschermakite arsmBhibole
with higher (Na + K) is classified as pargasite, magnesiohastingsite and edéeigend is

the same as iRigure 24.
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Table 3. Average mineral majoand minorelement data of Avachinskyantle 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=38 n =36

SiO; 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.O3 nd 1.12 1.17 18.61 nd 1.41 1.70 19.72 nd 1.86 1.76 25.27 13.36
Cr0s 0.05 0.33 0.52 4415 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
CaOo 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
NaO bdl 0.01 0.19 bdl bdl 0.01 0.17 bdl nd nd nd nd 2.37
K20 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, mttemoined, na =

not applicable.
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Table3. 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 nN=10 n=39| n=13 n=22 n=16 n=6 [n=14 n=11 n=14 n=12 n=33 n=3
SiO, 40.84 55.34 51.67 bdl 4486 | 40.87 56.76 54.46 bdl 40.58 56.77 54.11 bdl 50.41 40.09
TiO> 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,0s 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
Cr0s 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
CaoO 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
Na.O nd nd nd nd 2.09 nd nd nd nd nd nd nd nd 1.31 1.83
K20 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 9745 96.74 | 100.63 99.28 99.76 97.97 | 100.31 99.42 9958 97.61 97.00 91.86
Mg # 91.53 87.39 86.88 5854 7850 | 89.97 90.99 94.16 5597 | 89.83 91.66 92.16 55.42 9421 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 = beloadét@ttnd = not

determined, na = not applicable.
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Table4. Average mineral major and minetementdata 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 | Opx Il Cpx Spl
n==6 n=38 n=12 n=13 n=9 n=15 n=16 n=21 n=1 n=1 n=15 n=21
SiO; 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,0s bdl 4.81 5.94 bdl 3.34 4.27 40.45 bdl 3.22 3.50 4,51 40.71
Cr0s 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
CaOo 0.05 0.73 21.56 0.04 0.66 22.60 0.01 0.02 0.69 0.60 22.81 0.15
NaO bdl 0.04 0.83 bdl 0.02 0.56 bdl bdl 0.03 0.01 0.53 bdl
K20 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 = olivineQpx = orthopyroxene, Cpx = clinopyroxene, Spl = spinel, bdl = below detection limit, nd = not determined, na = not applicable
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Table4. 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

SiO, 40.03 54.36 51.00 bdl 5296 50.23 | 39.24 53.89 51.13 bdl 38.96 52.29 49.63 bdl 53.60 51.31
TiO- 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
Al203 nd 271 390 36,57 | 481 5.88 bdl 3.30 436  42.27 bdl 5.07 6.22 5416 | 4.12 4.89
Cr0s 0.09 030 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 | 1243 7.97 421 2046 | 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 1486 | 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 2274 0.21 0.79 21.87 bdl 0.84 2237 0.07 0.08 0.75 21.64 0.12 0.69 22.02
NaO nd nd nd nd 0.03 0.66 bdl 0.02 0.61 bdl bdl 0.02 0.70 bdl 0.03 0.65
K20 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 8993 64.86| 84.18 84.12| 87.06 87.80 87.21 63.38| 7830 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, Cpxclinopyroxene, Spl = spinel, bdl = below detection limit, nd = not determined, na = not applicable.
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3.3.6 P-T and fO:

Avachinsky and Bakening mantle xenoliths equilibrated at temperatures ranging
from 760.9 to 811.1 °C + 50 °C and frd885.6 to 979.3 °C £ 50 °C, respectively
(Figure 26 and Table 5). Equilibration temperature of peridotites was calculated
using the spinetlivine gedhermometer ofO6 Ne i | | andandWMbat of ( 1 9 €
pyroxenites using the twpyroxenegedhermometer oBrey and Koéhler (1990)
Error was estimated blputirka (2008) The higher temperature &VXx-16-03-24
(914.2 °C;Figure26 andTable5) was estimated from orthopyroxenknopyroxene
pair inside the hydrous vein and records temperature of melt percolation through the
vein rather than xenolith equilibration in the subarc neantEquilibration
temperature estimate of clinopyroxemesolved orthopyroxene in Bakening
xenoliths ranges from 850 to 920 °C + 50 “Brgy and Kohler, 1990; Putirka,
2008) Comparatively, the estimated crystallization temperature of pyroxene in
Avachinsky basaltic andesite ranges from 950 to 110@C&3tellana, 1998and
temperatureestimated from gnekhostedmelt inclusionsin Avachinsky mantle
xenoliths which record magma temperatures are asa®®@00 °C (lonov et al.,
2011) No comparisonbetween equilibration temperature of Bakening mantle
xenoliths andhat ofthe host basalts can be drawn as their equilibration temperature
is not reported.

Equilibration pressure was constrained by ®entral Kamchatka depression
geotherm defined by continental crust thermal gradient of 23 °C lamd
asthenospheric mantle thermal gradient of 8.5 °C! KRortnyagin 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 xenolith$igure26 andTable5). The pressure estimates indicate
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that Avachinsky mantle xenoliths last dduiated at 33 to 36 km depth at the crust
mantle interface that in Kamchatka is located at ~ 35(kavin 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 Gastellana, 1998yhich is
equivalent to 6 km depth.

Oxygen fugacity fo2) was calculated aftaVood et al. (1990and ranges from +
0.45 to + 0.84 log units relative to FMMattioli and Wood, 1988)n Bakening
xenoliths Table 5). A single fo, value of + 1.61 log units relative to FMQ was
obtained for harzburgitdVX-16-03-10 (Table5) because only a limited number of
mantle xenoliths contained olivine, spinel and primary orthopyroxene that are
required to calculatgfo,. The highly oxidized conditions at Avachinsky are
consistent withfo, constrained from higiMg# olivine-spinel inclugons from
Avachinsky volcanic rocksf¢, = + 1.35 to + 1.77 log units FMQ) attributed to the
influx of AOC-derived componentéNekrylov et al., 2018)However, Bakenindo,
is lower than that estimated biekrylov et al. (2018janging from + 1.38 to + 1.74

log units FMQ.
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Figure 26. Equilibration pressuréemperature conditions of Avachinsky (green diamonds)
and Bakening (red diamonds) mantle xenoliths. Equilibration temperatures of peridotites
and pyroxenites were calculated via olivisginel gedhermometer o0 6 N e ndl Wall a
(1987) and twepyroxene gedhermometer ofBrey and Kohler (1990) respectively.
Pressures were estimated from the CKD geoth@uontnyagin and Manea, 2008 hlorite
breakdown reaction and garnepinel transition is fromUlmer and Trommsdorff (1999)
and spinelplagioclase transition is fronr® 6 Ne i | | Crustin@n8elinterface is located

at 35 km deppt in KamchatkgLevin et al., 2002)

Tableb5. Average quilibration temperature, pressure and oxygen fugacity of Avachinsky
and Bakening mantle xenoliths

Sample Number of T (°C) T20(°C) P8(GPa) fO,(FMQ)
mineral pairs
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 1 914.2 + 5G\ na nd nd
(vein)
BAK-16-22-01A 2 922 + 5 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 + 56\ 14 1.6+0.25 nd
BAK-16-22-09 4 910.1 + 56\ 22 1.6+0.25 nd
BAK-16-22-32 2 895.6 + 53\ 21 1.5+ 0.25 nd
BAK-16-22-42 3 935.1 +50A 10 1.7+0.2 nd

Abbreviations:na = not applicable)d = not determined

*Temperature calculated via olivirgpinelgedhermometer 0© & N eandIWall (1987)
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ATemper at ur e eparoxenagedhdrneotheter oBeey andw@hler (1990)

SPressure constrained from CKD geotherm defined by continental crust thermal gradient of
23 °C km! and astheospheric mantle thermal gradient of 8.5 °C*k(Rortnyagin and
Manea, 2008)The estimated thickness of Kamchatka continental crust is 3@ &wmn et

al., 2002)

3.4 Trace element mineral chemistry

Mineral trace element abundandaserage values imable6 andTable7 and all
datain Table B22, Table B24 and Table B25 in Appendix B were measured by
inductively coupled plasma maspectromedr (ICRMS) using an Agilent 8800
ICP-MS Triple Quad attached to a laser ablation system Photon Machines Analyte

Excimer 193 nm at the Open Universjtgr analytical conditions see sectiard).

3.4.1 Clinopyroxene

3.4.1.1 Avachinsky xenoliths

Except for Sr and Li, vein clinopyroxene WVX-16-03-24 is depleted in all
incompatible trace elements relative to primitive ma(figure 27A; McDonough
and Sun, 1995)Two types of clinopyroxene were recognized ANX-16-03-24
based on their distinct primitive mant@rmalized McDonough and Sun, 1995
REE distribution trendsgure27B and C). Intype | clinopyroxeneLREE decrease
in abundance from La (ranges from 0.08 to 0.1 fytg Nd (ranges from 0.04 to
0.07 ug ¢) whereas HREE increase in abundance from Tb (rafiges 0.13 to
0.18 pg ¢ to Lu (ranges from 0.3 to 0.45). MREE Sm, Eu and Gd are below

detection limit Figure 27B). In type Il clinopyroxeneREE ncrease in abundance
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from La (average La = 0.12 pg'pto Lu (average Lu = 0.56 pgy Negative Eu
anomalies occur in twtype Il clinopyroxengrains(Figure27C).

Vein clinopyroxene inAVX16-03-20 is enriched in all incompatible trace
elements relative to primitive mant{®&cDonough and Sun, 199%Xxcept for La,
Pb, Zr and Li Figure28A). Light REE increase in abundance frauam (La = 0.50 pg
gl to Sm (Sm = 5.65 ug¥y and HREE slightly decrease in abundance from Gd
(Gd = 5.18 pg @) to Lu (Lu = 3.89 ug @) with a weak negative Eu anomaly

(Figure28B).
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Figure 27. A) Trace element distribution and B) and C) rare earth element (REE)
distribution in AVX16-03-24 type | and type Il clinopyroxene and their respective
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equilibrium melts. Data is normalized to primitive mantle (PM¢Donough and Sun,
1995) N-MORB Sun and McDonough,1989)ypical Avachinsky andesite and basaltic
andesite(Ishimaru et al., 2007)and similar Avachinsky clinopyroxer{éshimaru et al.,
2007; Halama et al., 2009; Bénard and lonov, 2012; Bénard and lonov, 20&3hown
for comparison. Purple field corresponds to REE composition mihiie (Hickey and Frey,
1982; Pearce et al., 1992; Kelemen et al., 2008)ompatible trace elements that were not
reported in the above studies are inferred by dotted lines.
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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 (PMMcDonough and Sun, 1999%y-MORB Sun and McDonough,1989)
and typicalAvachinsky andesite and basaltic ande@#aimaru et al., 2007are shown for
comparison.

3.4.1.2 Bakening xenoliths

All Bakening clinopyroxenés enriched in incompatible trace elements relative to
primitive mantle(McDonough and Sun, 1998xcept br Rb, Ba, Nb and Ta{gure
29, Figure 30 andFigure 31) and some Bakening clinopyroxergealso depleted in
Th, U, Pb and Zr. Three types of clinopyroxene were recognized in Bakening
xenoliths basa on their distinct primitive mantieormalized KicDonough and Sun,
1995 REE distributbn trends Figure29B, Figure30B andFigure31B).

Type | clinopyroxeneccurs only in dunit@AK-16-22-04. Light REE derease in
abundance from La (average La = 5.58 (fytw Nd (average Nd = 2.62 ug-pgand
HREE are flat (e.g. average Yb = 2.3 pg§ igure29B). Distribution trend of REE
in type | clinopyroxenés similar to that of metasomatic clinopyroxene disseminated
in Bakening xenoliths Kepezhinskas and Defant, 199&nd harzburgite
clinopyroxene close to Iherzolite contact in Lhernodéhs (LeRoux et al., 2007)

Type Il clinopyroxeneoccurs only in wehrliteBAK-16-22-03 and displays
convexup LREE trend while HREE decrease in abundance from Gd (average Gd =
3.67 ug ¢) to Lu (average Lu = 2.17 ug*gFigure30B). Its REE abundances and
distribution trends are identical to butkck pyroxenitg(Koloskov et al., 2017and
Iherzolite clinopyroxene close to harzburgite contact in ultramafic xenoliths from the
Lherz massif, Franc.eRoux et al., 2007)

Type Il clinopyroxeneis the most common as it occurs in six Bakening
xenoliths. Light REE increase in abundance from La (average La ranges from 0.77

ug gt to 1.95 ug ¢f) to Sm (average Sm ranges fr@08 ug ¢ to 4.28 ug ¢f) and
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HREE slightly decrease in abundance from Sm to Lu (average Lu ranges from 1.76
ug gt to 2.37 pg d) except clinopyroxene iBAK-16-22-32 whose HREE slightly
increase in abundance from Sm to Lu (average Lu = 4.62udrigure 31B).
Abundances and distribution trends of REEyipe 11l clinopyroxeneare identical to
primary clinopyroxene from other Bakening xenoliftiepezhinskas and Defant,
1996) and lherzolite clinopyroxene in Lherz xenolitfiseRoux et al., 2007)
Furthermore, heavy REE abundances and digion trends fall wiin that of bulk

rock Bakening pyroxenitéKoloskov et al., 2017)
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Figure 29. A) Trace element distribution and B) rare earth element (REE) distribution in
Bakening type | clinopyroxene and its respective equilibrium roalculated from
clinopyroxenemelt partition coefficients fronGreen et al. 2000) Data is normalized to
primitive mantle (PMMcDonough and Sun, 1995y-MORB Sun and McDonough,1989)
bulk-rock host basal{Dorendorf et al., 2000and Bakening mantle xenolitiiikoloskov et

al., 2017) similar metasomatic Bakening clinopyroxe® and Lherz clinopyroxene
(Kepezhinskas and Defant, 1996; LeRoux et al., 2@G0W) high-Mg# olivine-hosted
Bakening melt inclusions (Ilveson et al., irep) are shown for comparison. Purple field
corresponds to REE compositionladninite (Hickey and Frey, 1982; Pearce et al., 1992;
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Kelemen et al., 2003)ncompatible trace elements that were not reportedhi above
studies are inferred by dotted lines.
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Figure 30. A) Trace element distribution and B) rare earth element (REE) distribution in
Bakening type Il clinopyroxene and its respective equilibrium roeltulated from
clinopyroxenemelt partition coefficients fronsreen et al. 2000) Data is normalized to
primitive mantle (PMMcDonough and Sun, 1995y-MORB Sun and McDonough,1989)
bulk-rock host basal{Dorendorf et al., 2000and Bakening mantle xenolitiiioloskov et

al., 2017) and similar primary Bakening clinopyroxene(dark green field) and Lherz
clinopyroxengKepezhinskas and Defant, 1996; LeRoux et al., 280@high-Mg# olivine-
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hosted Bakening melt inclusions (lveson et al., in prep) are shown for comparison. Purple
field corresponds to REE compositionbainite (Hickey and Frey, 1982; Pearce et al.,

1992; Kelemen et al., 20Q3)ncompatible trace elements that were not reported in the
above studies are inferred by dotted lines.
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Figure 31. A) Trace element distribution and B) rare earth element (REE) distribution in
Bakening type Il clinopyroxene and their respective equilibrium nusllsulated from
clinopyroxenemelt partition coefficients fronGreen et al. 2000) Data is normalized to
primitive mantle (PMMcDonough and Sun, 1995y-MORB Sun and McDonough,1989)
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bulk-rock host basal{Dorendorf et al., 2000and Bakening mantle xenolitfiKoloskov et

al., 2017) and similar primary Bakening clinopyroxene(dark green field) and Lherz
clinopyroxengKepezhinskas and Defant, 199&Roux et al., 2009nd high-Mg# olivine-

hosted Bakening melt inclusions (Ilveson et al., in prep) are shown for comparison. Purple
field corresponds to REE composition of bonirflickey and Frey, 1982; Pearce at,

1992; Kelemen et al., 2003ncompatible trace elements that were not reported in the
above studies are inferred by dotted lines.

3.4.2 Amphibole

Primitive mantlenormalized McDonough and Sun, 1993ncompatible trace
element distribution trends of Avachinsky vein amphiboles W&y enriched in
AVX-16-03-10 andAVX-16-03-20 (Figure32A andFigure33A) to depleted iPAV X
16-03-24 (Figure34A).

In AVX-16-03-10, vein amphibole is enriched all incompatible trace elements
relative to primitive mantle except for Rb, Th, Nb, Ta, Li and-igjgre32A). Light
REE increase in abundance from La (average La = 2.0 ugp@m (average Sm =
7.03 ug ¢) whereas heavy REE are flat (e.g. average Yb = 4.93%with a small
negative Eu anonha (Figure 32B). Exceptionally, vein amphibolam 10displays
convexup LREE trend while HREE displagoncaveup trend (dotdashed line in
Figure32B). Distribution trend of REE in vein amphibaden 10is similar to those
reported inlshimaru et al. (2007), Ishimaru and Arai (2008) and Bénard and lonov
(2013) The other vein amphiboles possess REEidigion trends similar to calcic
amphibole reported irshimaru et al. (207)

Vein amphibole inAVX-16-03-20 is enriched in most incompatible trace
elements relative to primitive mantle except for Rb, Th, U, Ta an&igufe33A).

Light REE increase in abundance from La (average La = 0.97 g $m (average
Sm = 5.94 ug g) whereas HREE gradually decrease from Gd (average Gd = 7.95
ug gl) to Lu (average Lu = 0.67 pglywith a pronounced negative Eu anomaly
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(Figure33B). The distribution trend of all incompatible trace elements is identical to
selvagerelated type 2 amphibole describedB8nard and lonov (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 FBgure 34A). Primitive
mantlenormalized REE trends display concanp light REE, pronounced positive
Eu anomalies and increase in HREE abundance from Gd (average Gd = 0:51 pg g¢
to Lu (average Lu =.67 pg g4, Figure 34B). The distribution trend of HREE in
AVX-16-03-24 amphibole is similar to Avachinsky amphibole reporteddbymaru
and Arai (2008) and Halama et al. (2009yvo amphibole grains iAVX-16-03-24
possess different primitive mantt®rmalized incompatible trace element trends,
whose REE abundances gradually increase from La to Lu with both, negative and

positive Eu anomalies={gure34B).
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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 (etdshed line) and andesitic and basaltic
andesitic equilibrium melts calculated aftdumphreys et al. (2019pata is normalized to
primitive mantle (PMMcDonough and Sun, 1995y-MORB Sun and McDonough,1989)
typical Avachinsky andesite and basaltic andegighimaru et al., 2007)and similar
Avachinsky amphibol@shimaru et al. 2007; Ishimaru and Arai, 2008énard and lonov,
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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.
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Figure 33. A) Trace element distribution and B) rare earth element (REE) distribution in
AVX-16-03-20 vein amphibole and equilibrium melt calculated aftermphreys et al.
(2019) Data is normalized to primitive mantle (PMicDonough and Sun, 1995)-MORB
(Sun and McDonough,1989ypical Avachinsky andesite and basaltic andgsiteimaru et
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al., 2007)and identical Avachinsky amphibo{Bénard and lonov, 2013re shown for
comparison. Incompatible trace elements that were natrteg in the above studies are
inferred by dotted lines.
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Figure 34. A) Trace element distribution and B) rare earth element (REE) distribution in
AVX-16-03-24 vein amphibole and equilibrium melt calculated aftkrmphreys et al.
(2019) Data is normalized to primitive mantle (PMtcDonough and Sun, 1995y-MORB
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