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Abstract

New and published data on the composition of melt inclusions in olivine (Fo7;_¢;) from volcanoes of the Kamchatka and northern
Kurile Arc are used 1) to evaluate the combined systematics of volatiles (H,O, S, Cl, F) and incompatible trace elements in their
parental magmas and mantle sources, 2) to constrain thermal conditions of mantle melting, and 3) to estimate the composition of slab-
derived components. We demonstrate that typical Kamchatkan arc-type magmas originate through 5—14% melting of sources similar
or slightly more depleted in HFSE (with up to ~ 1 wt.% previous melt extraction) compared to MORB-source mantle, but strongly
enriched in H,0, B, Be, Li, CL, F, LILE, LREE, Th and U. Mean H,O in parental melts (1.8—2.6 wt.%) decreases with increasing depth
to the subducting slab and correlates negatively with both ‘fluid-immobile’ (e.g. Ti, Na, LREE) and most ‘fluid-mobile’ (e.g. LILE, S,
Cl, F) incompatible elements, implying that solubility in hydrous fluids or amount of water does not directly control the abundance of
‘fluid-mobile’ incompatible elements. Strong correlation is observed between H,O/Ce and B/Zr (or B/LREE) ratios. Both, calculated
H,O in mantle sources (0.1-0.4%) and degrees of melting (5—-14%) decrease with increasing depth to the slab indicating that the
ultimate source of water in the sub-arc mantle is the subducting oceanic plate and that water flux (together with mantle temperature)
governs the extent of mantle melting beneath Kamchatka. A parameterized hydrous melting model [Katz et al. 2003, G, 4(9), 1073] is
utilized to estimate that mantle melting beneath Kamchatka occurs at or below the dry peridotite solidus (1245-1330 °C at 1.5—
2.0 GPa). Relatively high mantle temperatures (yet lower than beneath back-arc basins and ocean ridges) suggest substantial corner
flow driven mantle upwelling beneath Kamchatka in agreement with numerical models implying non-isoviscous mantle wedge
rheology. Data from Kamchatka, Mexico and Central America indicate that <5% melting would take place beneath continental arcs
without water flux from the subducting slab. A broad negative correlation appears to exist between crustal thickness and the
temperature of magma generation beneath volcanic arcs with larger amounts of decompression melting occurring beneath thinner arc
crust (lithosphere). In agreement with the high mantle temperatures, we observe a systematic change in the composition of slab
components with increasing slab depth from solute-poor hydrous fluid beneath the volcanic front to solute-rich hydrous melt or
supercritical liquid at deeper depths beneath the rear arc. The solute-rich slab component dominates the budget of LILE, LREE, Th
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and U in the magmas and originates through wet-melting of subducted sediments and/or altered oceanic crust at =120 km depth.
Melting of the upper parts of subducting plates under water flux from deeper lithosphere (e.g. serpentinites), combined with high
temperatures in the mantle wedge, may be a more common process beneath volcanic arcs than has been previously recognized.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Water-rich fluids and melts released from descending
oceanic plates are thought to play a key role in subduc-
tion zone (SZ) magmatism as they can transfer material
from the subducting plate to the overlying mantle
wedge, lowering the solidus of mantle peridotite and
triggering partial melting [1-4]. Pressure-release melt-
ing at temperatures above dry peridotite solidus has also
been proposed to take place above SZs [3,5-8]. In
essence, clucidating relative contributions from flux
versus decompression melting in SZs is a fundamental
question concerning the thermal state of the mantle
wedge. Due to the scarcity of accurate data on water
contents in primitive arc magmas, the thermal condi-
tions of magma generation are difficult to constrain.

Melt inclusions in phenocrysts — small pockets of melt
trapped in crystals and thus isolated from further evolution
ofthe host magma — provide a unique opportunity to study
undegassed arc magmas, since they can (under favourable
circumstances) preserve near primary volatile contents of
primitive arc melts (e.g. [9,10]). The compositions of
primitive melt inclusions in arc rocks, thus, allows us to
address several fundamental, and possibly inter-related,
questions about arc magmatism and the dynamics of SZs,
including the thermal state of the mantle wedge, partial
melting regime, magnitude of mantle upwelling, and the
composition and nature of slab-derived components. In
this study, we address these questions using new data on
volatile (H,O, S, Cl, F) and trace element contents in
primitive melt inclusions from the Kamchatka Arc, one of
the most active volcanic arcs on Earth.

2. Kamchatka Arc and studied samples

The Kamchatka Arc in the northwestern part of the
Pacific ‘Ring of Fire’ is an area of high seismic activity and
abundant volcanism related to fast (7.6—7.8 cm/y) sub-
duction of the 80—100 My old Pacific Plate beneath the
Eurasian continental margin [11]. The subduction dip angle
at 100-200 km depth (region of magma generation) is
~55° beneath southern Kamchatka and becomes as shal-
low as ~30° near the Kamchatka—Aleutian junction, where
subduction beneath Kamchatka appears to terminate.

Quaternary volcanism in Kamchatka developed within
two major volcanic zones: Eastern Volcanic Belt (EVB)
and Sredinny Range (Fig. 1). Detailed geologic descrip-
tion of the volcanic zones can be found elsewhere [12].
Our study focused on the EVB, which accommodates the
majority of active volcanoes in Kamchatka. In its southern
and central parts, the EVB is an ~ 100 km wide volcanic
belt, including a volcanic front (VF), a chain of large
polygenetic volcanoes located 100—140 km above the
subducting slab, and rear arc (RA), consisting of large
volcanoes and smaller monogenetic volcanic edifices
located up to 200 km above the slab and up to 100 km
behind the VF. The northern part of the EVB extends into
the Central Kamchatka Depression (CKD). Here the
subducted slab is located at depths 150—200 km beneath
the Klyuchevskoy Group of volcanoes, containing the
world’s most productive arc volcanoes, and shallows to
~ 100 km beneath the Shiveluch Volcano, the northern-
most active volcano in Kamchatka.

For this melt inclusion study, we selected 9 samples
from the entire EVB (Supplementary Table 1). In order to
assess the composition of primitive magmas, we focused
the study exclusively on rocks containing large (0.5—
20 mm) olivine phenocrysts, which were among the
most primitive in Kamchatka olivine+clinopyroxene=+
plagioclase basalts and basaltic andesites with Mg#= 54—
71 mol% (Mg#=100* MgO/(MgO+FeO) calculated on
molar basis). All rocks represent historic to Holocene
eruptions and provide information about the present-day
magma generation. VF samples were collected from
Ksudach (Holocene deposits) and Karymsky (1996 A.D.
eruption) volcanoes. Farafonova Pad’ (~1500 B.P.)
volcanic field represents RA volcanism. CKD samples
are from Tolbachik volcano (1004 cone, 1000—1500 B.
P.), from pre-historic (Bulochka and Luchitsky cones,
~2800 B.P.) and historic (Apakhonchich, 1945 A.D. and
Piip, 1966 A.D.) eruptions of Klyuchevskoy volcano.
The samples ranged from lavas, volcanic bombs and
scoria to intrusive segregations of large (up to 1 cm)
olivine and plagioclase crystals known as ‘allivalites’
[13]. In general, the most primitive samples hosting high-
Fo olivine (up to Fog;) come from RA and CKD volca-
noes (Supplementary Fig. 1). VF samples (Ksudach,
Karymsky) are more evolved and contain relatively
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Fig. 1. Major volcanic zones of the Kamchatka Arc [12]. Studied volcanoes are denoted with open circle. Distribution of Quaternary volcanics is shown by
dark gray pattern. Dashed lines indicate depths to the subducting Pacific slab [11]. The Central Kamchatka Depression (CKD) is a rift-like tectonic structure
between the Eastern Volcanic Belt (EVB) and Sredinny Ranges of Kamchatka. Northern part of the EVB is shifted to the west and located within the CKD,
possibly in part reflecting shallower subduction angle where the Emperor Seamount chain is subducting. Southern part of the CKD is not volcanically active.

Fe-rich olivine (<Fogs), for which parental melt com-
positions were extrapolated.

For the sake of comparison and to increase the number
of samples which are well characterized for volatile and
trace elements, we include in our study recently published
data on the composition of melt inclusions in olivine from
Chikurachki volcano on Paramushir Island [14]. The
island is located ~50 km south of the southern tip of
Kamchatka and belongs to the northern Kuril Arc, which
has the same structure and history of volcanism as the
southern segment of the Kamchatka Arc.

3. Methods
3.1. Experimental and analytical methods

About two thirds of the 60 melt inclusions studied
were partially re-crystallized at room temperature and
required experimental re-heating prior to analysis for
composition of trapped melt. Rapid (<5 min) re-heating

experiments were carried out at the Vernadsky Institute
(Moscow) and at the Geologic Department of the
Moscow State University following techniques reported
elsewhere [9,15]. Subsequent comparison of re-heated
and natural glassy inclusions from the same sample
(Apakhonchich flow of Klyuchevskoy volcano) revea-
led no systematic differences in concentrations of vola-
tile and incompatible trace elements between inclusions
directly measured and those that required re-heating
prior to analyses. Major elements, S and Cl in glasses of
melt inclusions and in olivine were analyzed by Came-
bax microbeam and Cameca SX100 electron microp-
robes at the Vernadsky Institute (Moscow) and Cameca
SX50 electron microprobe at IFM-GEOMAR (Kiel).
Concentrations of water, F and 23 trace elements were
determined by secondary ion mass-spectrometry (SIMS)
using a CAMECA ims4f at Institute of Microelectronics
(Yaroslavl’, Russia). Details of experimental and analy-
tical techniques can be found in Supplementary me-
thods, and the complete major element, trace element



56 M. Portnyagin et al. / Earth and Planetary Science Letters 255 (2007) 53—69
Table 1
Mean compositions of melt inclusions, parental melts, melting parameters and slab components
Region Kamchatka N. Kurile Arc ~ Kamchatka Kamchatka Kamchatka Kamchatka Kamchatka
Volcano Ksudach Chikurachki Karymsky Farafonova Tolbachik Klyuchevskoy  Klyuchevskoy
Pad’ historic pre-historic
Volcanic zone® VF VE VE RA CKD CKD CKD
Depth to slab (km)® 100 120 125 175 180 160 160
Dist. from trench (km) 200 230 230 280 250 230 230
Number inclusions 4 14 6 5 11 14 15
Fo range (mol%) 81.0-76.6 75.1-72.4 81.8-72.0 89.2-87.7 90.8-88.0 90.1-79.4 90.6-87.5
Melt inclusions corrected for Fe-loss®
SiO; (wt.%) 50.61+1.24  52.65+1.50 52.94+1.73  45.73+0.83 47234043  49.22+1.28 48.99+1.05
TiO, (wt.%) 0.88+0.03 1.06+0.15 0.92+0.06 1.15+0.07 0.88+0.10 0.96+0.13 0.86+0.08
AlLO3 (Wt.%) 15.53+0.40 16.38+0.63 16.21+0.69 17.36+0.60 12.49+0.86 16.03+1.58 14.60+0.68
FeO (wt.%) 9.84+0.05 10.64+0.53 9.21+0.86 8.73+0.11 9.63+0.05 8.24+0.10 8.34+0.03
MnO (wt.%) 0.32+0.04 0.23+0.02 0.15+0.03 0.124+0.03 0.1640.02 0.11+0.03 0.11£0.02
MgO (wt.%) 5.92+0.69 4.57+0.30 5.53+1.10 9.47+0.49 11.66+0.93  8.36+1.88 10.07+0.83
CaO (wt.%) 11.35+0.25 8.40+0.37 8.05+0.95 12.52+0.70 12.27+0.50 10.80+1.44 11.60+1.20
NayO (wt.%) 1.83+0.12 2.77+0.31 2.86+0.17 2.73+0.13 2.10+0.23 3.00+0.48 2.56+0.29
K50 (wt.%) 0.18+0.01 0.76+0.07 0.70+0.14 0.544+0.04 0.65+0.05 0.84+0.22 0.49+0.11
P,05 (wt.%) 0.23+0.03 0.17+0.05 0.17+0.02 0.17+0.03 0.13+0.03
Cl (wt.%) 0.09+0.02 0.10+0.01 0.09+0.03 0.11+0.01 0.09+0.01 0.09+0.02 0.07+0.02
S (wt.%) 0.10+0.05 0.13+0.04 0.15+0.05 0.28+0.02 0.24+0.04 0.20+0.05 0.16+0.05
H,0 (wt.%) 3.35+0.17 3.23+£0.33 3.02+0.59 2.08+0.67 2.42+0.51 1.97+0.54 2.04+0.46
Parental melts®
Olivine added (mol%) 16.0-19.8 22.0-24.8 13.5-23.0 1.6-4.9 0-4.6 0-14.6 0-5.7
TiO, (wt.%) 0.68+0.05 0.75+0.11 0.73+0.05 1.11+0.06 0.86+0.11 0.90+0.10 0.84+0.07
Na,O (wt.%) 1.42+0.07 1.95+0.23 2.28+0.22 2.63+0.10 2.06+0.25 2.80+0.35 2.50+0.24
K50 (wt.%) 0.13+0.01 0.53+0.05 0.56+0.08 0.524+0.04 0.63+0.10 0.78+0.20 0.48+0.10
H,0 (mean) (wt.%) 2.60+0.10 2.27+0.24 2.41+0.36 2.03+0.69 2.37+0.50 1.84+0.41 1.98+0.41
H,0 (maximum) (wt.%) 2.71 2.48 2.75 2.61 2.81 2.69 2.70
Cl (ppm) 678+124 703472 701+203 1084+132 913499 884+210 6824203
S (ppm) 773+440 896+£268 1111+£371 2716201 2309+368 18704433 1524+456
Li (ppm) 3.76+0.48 5.12+0.76 5.24+1.05 4.11+0.20 4.75+0.20 6.43+1.59 4.64+0.87
Be (ppm) 0.24+0.02 0.35+0.04 0.52+0.05 0.59+0.05 0.67+0.12 0.50+0.07 0.39+0.04
B (ppm) 13.0+1.8 12.3+0.5 6.0+0.8 6.1+0.5 9.9+0.9 11.2£1.0 12.7+£2.0
F (ppm) 99433 219439 328+94 400+124 401+130 254+40
Y (ppm) 14.2+1.1 17.3+1.8 14.7+1.3 253+2.8 18.8+1.2 17.6+1.5 16.6+1.4
Zr (ppm) 24,1433 423443 58.3+8.6 75.749.3 64.0+1.9 64.6+7.2 53.0+9.1
Sr (ppm) 212+21 296+26 306+38 395+34 303+4 304+26 238422
Nb (ppm) 0.52+0.19 0.98+0.13 1.734£0.21 1.76+0.30 1.89+0.26 1.55+0.35 1.14+0.22
Ba (ppm) 51+3 146+7 179420 148+9 249+26 270458 188427
La (ppm) 1.9+0.3 4.7+£0.3 5.3+0.6 5.6+0.1 6.6+0.6 5.3+0.5 3.7+£1.0
Ce (ppm) 59+1.4 11.6+0.7 13.5+1.3 15.8+0.3 16.4+0.7 13.7+1.3 10.1+2.7
Nd (ppm) 4.7+0.7 8.2+0.6 9.0+0.7 11.6+0.6 12.2+0.6 10.0+0.7 7.7+1.0
Sm (ppm) 1.7+0.3 2.3+0.2 2.5+0.3 3.5+0.3 3.2+0.2 2.9+0.3 2.3+0.2
Eu (ppm) 0.65+0.04 0.76+0.11 0.88+0.12 1.13+0.11 1.16+0.16 0.88+0.18 0.72+0.15
Gd (ppm) 2.01+0.03 2.87+0.30 2.88+0.25 1.13+0.73 2.85+0.50 3.40+0.28 2.65+0.25
Dy (ppm) 2.23+0.03 3.01+0.30 2.60+0.25 4.06+0.73 2.63+0.50 3.05+0.28 2.75+0.25
Er (ppm) 1.63+£0.19 1.93+0.27 1.79+0.19 4.09+0.47 2.08+0.11 1.92+0.21 1.84+0.16
Yb (ppm) 1.79+0.14 1.90+0.16 1.76+0.25 2.72+0.12 1.95+0.18 1.80+0.23 1.76+0.19
Hf (ppm) 1.02+0.08 1.32+0.63 1.81+0.26 2.56+0.20 1.90+0.04 1.99+0.40 1.53+0.16
Th (ppm) 0.13+0.03 0.80+0.09 0.55+0.10 0.54+0.03 0.52+0.07 0.43+0.07 0.27+0.06
U (ppm) 0.08+0.02 - 0.35+0.08 0.2840.04 0.27+0.08 0.30+0.05 0.194+0.05
Melting parameters
PME (wt.%)° 0.91+0.50 0.46+0.14 0.02+0.02 0.72+0.21 0.07+0.06 0.20+0.13 0.32+0.11
o (Wt.%)f 142423 10.7+2.0 13.5+2.4 4.6+1.3 9.9+1.0 10.3+2.2 11.2+1.5
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Table 1 (continued)

Region Kamchatka N. Kurile Arc ~ Kamchatka Kamchatka Kamchatka Kamchatka Kamchatka

Volcano Ksudach Chikurachki Karymsky Farafonova Tolbachik Klyuchevskoy  Klyuchevskoy
Pad’ historic pre-historic

Melting parameters

H,0% (wt.%)¢ 0.40+0.06 0.27+0.06 0.35+0.05 0.13+0.06 0.26+0.07 0.21+0.07 0.24+0.06

H,0° (max) (wt.%) 0.41 0.29 0.40 0.15 0.31 0.31 0.33

Slab components"

Amount in source (wt.%)  0.42+0.06 0.33+0.06 0.42+0.07 0.15+0.07 0.33+0.11 0.29+0.08 0.29+0.07

Ba (ppm) 1739+132 4797+313 5629+558 5290+1541 84461675  9704+2067 731941447

U (ppm) 2+1 10+3 10+£5 8+2 8+5 742

Th (ppm) 4+1 2642 1542 18+7 1542 14+3 943

K0 (wt.%) 42+04 17.0+1.6 16.6+1.2 18.0+£5.3 21.7+7.5 27.5+8.6 17.6+3.3

Cl (wt.%) 2.4+04 2.4+0.3 2.3+£0.5 4.1+13 3.1+1.2 33+1.0 2.8+1.1

La (ppm) 37+6 113£9 125+24 128+39 169+27 134+26 87+£27

Be (ppm) 5+1 8+2 12+1 13+4 19+10 12£2 10+2

H,0 (wt.%) 93+0 80+2 80+1 77+7 74+9 68+9 79+4

Ce (ppm) 99+49 267+14 330465 396+123 443+98 339+118 236+83

Sr (ppm) 6624+771 9198+1071 943142723 1493045351  9718+2783  10313+1800 8131+1618

Nd (ppm) 56+26 147426 184441 236+63 306+52 227+42 152446

F (wt.%) 0.2+0.1 0.6+0.2 0.9+0.2 22+1.2 1.4+0.8 0.9+0.3

B (ppm) 51777 489+26 217+14 307+108 425+174 497485 594+108

Sm (ppm) 16+13 28+8 38+11 61+26 68+£22 54+12 35+13

Eu (ppm) 742 545 12+4 10+7 23+13 9+7 0

Gd (ppm) 0 26+16 32+11 0 16+14 0 0

Li (ppm) 27419 62+42 68+46 0 20+14 114+74 0

NaClgq (Wt.%)' 4.0 4.7 4.5 8.0 6.4 7.4 5.5

? Volcanic zones: VF—volcanic front RA—rear-arc, CKD—Central Kamchatka Depression.

b Depth to the subducting slab after [25].

¢ Melt inclusions were re-calculated to equilibrium with host olivine as explained in Section 3.2. Possible amount of Fe-loss from inclusions due to
low-temperature re-equilibrium with host olivine was taken into account following [32].

9 Concentrations of incompatible elements in parental melts in equilibrium with olivine Fooy.

¢ PME (“Previous Melt Extraction”) — amount of melt extracted from the E-DMM [44] prior melting beneath Kamchatka.

T F™ — degree of mantle source melting.
¢ H,0% — amount of H,O in the mantle source.

" Composition of hydrous slab component added to mantle source during melting calculated from mean estimated H,O concentrations in primary

melts.

! Salinity of the slab component calculated from H,O/Cl and expressed as NaCl equivalent. Error () refers to 1 S.D. of the mean values.

and volatile data set for the melt inclusions in
Supplementary Table 2. Mean compositions of melt
inclusions are presented in Table 1.

3.2. Correction of melt inclusions for post-entrapment
modification

Most melt inclusions in magnesian olivine
(Fo>80 mol%) and some inclusions in more Fe-rich
olivines, glassy or quenched during the experiment,
have FeO up to 4 wt.% lower than in their host rocks,
suggesting substantial re-equilibration with olivine after
entrapment in olivine upon slow cooling prior to
eruption [16]. The inclusions were corrected for
equilibrium with the host olivines by reverse modeling
of Fe—Mg exchange and olivine crystallization using

computer software “Fe-loss” [16]. Initial FeO in the
inclusions was assumed to equal FeO in their host rocks.
Ferrous/ferric ratios in melts (Fe*'/Fe*"=6-10) were
estimated from compositions of coexisting chromium
spinel inclusions in olivine from the same samples as
described elsewhere [17]. Glassy inclusions in olivines
with Fo <82 mol% from Karymsky and Chikurachki
volcanoes had FeO contents similar to or slightly higher
than the host rocks. These inclusions were most likely
trapped shortly before eruption and thus did not re-
equilibrate significantly with the host olivines. Initial
composition of these inclusions was calculated by
incremental (0.1 wt.%) addition of olivine until
achieving the equilibrium with the host mineral. The
modeling has been carried out with the help of the
PETROLOG 2.1 software [15]. Uncertainty in the
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determination of initial FeO content in trapped melts
(x1 wt.%) was estimated to introduce ~5% relative
uncertainty in calculated concentrations of incompatible
elements which is small compared to the analytical
uncertainty and large regional variability of melt
inclusions.

3.3. Estimation of parental melts from compositions of
melt inclusions

We assume that parental melts in Kamchatka were
initially in equilibrium with typical mantle olivine Fogo.
Composition of the olivines hosting inclusions is
however highly scattered from Fo;3 to Fogg s implying
that most melts have experienced variable amounts of
crystallization prior to trapping in olivine crystals. In
order to make the compositions of melt inclusions
directly comparable and to assess compositions of near
primary melts, we calculated the compositions of melt
inclusions in equilibrium with olivine Fogq by simulat-
ing reverse fractional olivine crystallization at Ni—-NiO
oxygen fugacity with the help of PETROLOG 2.1.
Trace elements were assumed perfectly incompatible to
olivine. Mean compositions of the estimated parental
melts are shown in Table 1.

Similar numerical procedure has been applied
previously to estimate parental compositions of moder-
ately fractionated back-arc melts [3,18] and thus our
data is directly comparable with the results of these
previous workers. We, however, realize that the
approach applied does not fully account for possible
effects of fractional crystallization on concentrations of
incompatible elements in Kamchatkan magmas, because
these magmas were likely saturated in both olivine and
at least high-Ca pyroxene at the moment of trapping.
Melts trapped in olivine Fo<80 mol% could also have
crystallized some plagioclase. Because real average
concentrations of MgO and FeO in the bulk crystallizing
assemblage are lower compared to pure-olivine crystal-
lization, estimated degrees of crystallization from
parental melts, varying from ~2-7% for CKD and up
to 23% for VF melts (Table 1), should be considered as
minimum values and accordingly concentrations of
highly incompatible elements in parental melts represent
maximum values. The normalization procedure intro-
duces a small uncertainty when recalculating inclusions
in high-Fo (>85 mol%) olivine (CKD, RA), but the
initial concentrations of highly incompatible elements
could be overestimated by 30—40 rel.% for inclusions in
evolved olivines (Fo7,_g,) from VF melts (Ksudach,
Chikurachki, Karymsky). Presently we are unable to
quantitatively account for this uncertainty, and thus

consider the estimates as our best possible solution,
which can be potentially improved by studying inclu-
sions in high-Fo olivines and behavior of variably
incompatible elements during crystal fractionation.

Estimates of H,O and other volatiles in parental
melts can be significantly compromised by melt
degassing prior to trapping in olivine, causing these
estimates to be too low [10]. Since H,O has a large
effect on the liquidus temperature of major silicate
minerals in basaltic systems, substantial H,O degassing
should cause massive crystallization (e.g. [19]). The
majority of studied melt inclusions (CKD, RA) were,
however, trapped in high-Fo (>85 mol%) and represent
primitive melts, which experienced only minor crystal
fractionation. Furthermore, volatile components in melt
inclusions from single samples do not decrease with
decreasing forsterite content of olivine, precluding
coupled processes of magmatic degassing and crystal-
lization. Melt inclusions from the VF were trapped in
relatively low-Fo olivines (<81 mol%), and thus
magmatic degassing during an earlier stage of evolution
cannot be completely ruled out for these melts on the
basis of petrological criteria. These VF inclusions,
however, have the highest H,O contents of all studied
inclusions (up to 3.9 wt.%). If any H,O loss occurred
before trapping, initial H,O concentrations in VF
parental melts could have been even higher than in
our estimates, reinforcing the major conclusions of our
study. Contents of CO, and S in melt inclusions can also
be used to help assess if the melts are degassed (e.g.,
[10]). Although we did not measure CO,, all but 9 out of
70 inclusions reported here have high S (>1000 ppm),
which is typically associated with high CO, (>150 ppm)
in arc inclusions [20—22]. The high S contents suggest
that most melts did not experience significant pre-
entrapment H,O degassing. Therefore, both petrological
and geochemical evidence suggests that magmatic
degassing had little (if any) effect on H,O contents in
melt inclusions.

Later processes disturbing H,O content in melt
inclusions are related to re-equilibration of melt inclu-
sions with external conditions and can occur during
subsequent evolution of the magmatic system and during
experimental re-heating [15,23,24]. Experimental
reheating is often claimed as the major reason of H,O
loss from inclusions due to fast dissipation of hydrogen
and/or hydroxyl from inclusion through host olivine
[15,25,26]. Rapid re-heating (<3 min at 7>1000 °C)
was applied to the inclusions studied here. Comparison
of H,O in re-heated and naturally quenched inclusions
from the same samples (e.g. AP1 from Klyuchevskoy
volcano) did not reveal any systematic difference
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between these inclusions. H,O content in both groups
varies substantially (1.3—3 wt.%) and does not correlate
with Fo or trace elements. Therefore, we conclude that
either this variability reflects natural heterogeneity of
parental melts or H,O content in melt inclusions was
disturbed in nature. Natural processes include H,O loss
from inclusions during transport to surface, eruption and
lava cooling and H,O gain in inclusions from surround-
ing magma, if H,O pressure in magma exceeded that
inside inclusion [23,27]. These processes of possible
H,O loss or gain in melt inclusions occurring at
magmatic conditions are poorly studied and seem
difficult to trace with any independent geochemical
criteria. Because of this ambiguity, equally applicable to
all melt inclusions in olivine, we report here mean and
maximum initial water contents in parental melts
determined for each volcano/lava flow (Table 1). If any
kind of degassing has affected the volatile contents in at
least some of the melt inclusions, then the mean
calculated initial volatile contents represent minimum
contents for the parental melts.

Finally, despite the serious problems associated with
determining accurate volatile contents from melt inclu-
sions, we observe geochemically reasonable correla-
tions of mean H,O content in parental melts with trace
element contents and ratios (e.g., H,O/Ce, B/(REE,
HFSE), Nb/Y and La/Yb), as described below (see also
Fig. 4). These correlations are not consistent with
significant H,O loss or gain from magmas or melt

10000 7

inclusions, since H,O loss or gain would disturb such
correlations, and suggest that estimated parental melts
are close to true values.

4. Composition of parental melts

Mean compositions of parental melts inferred from
melt inclusions have basaltic compositions and exhibit
large variations in incompatible trace elements and their
ratios. The patterns of trace elements normalized to
Depleted MORB-source Mantle (DMM [28]) are typical
for arc-type magmas (Fig. 2). These arc-type features
include relative high field strength element (HFSE, e.g.
Nb and Zr) depletion and strong (up to 1000 times) to
moderate enrichment in H,O, B, Cl, Li, large ion
lithophile elements (LILE, e.g., Sr, K, Ba), Th and U
relative to REE and HFSE of similar incompatibility.

Absolute concentrations of most incompatible ele-
ments correlate with each other in parental magmas of
Kamchatka and increase systematically with increasing
depth of the subducting slab (Fig. 3). The lowest
concentrations are observed for VF (Ksudach) volca-
noes at slab depths of ~100 km and the largest for RA
and CKD volcanoes at deeper (160—180 km) depths.
The largest variability was found for highly incompat-
ible lithophile elements (e.g., Ba, Th, Nb, La) and the
smallest for moderately incompatible lithophile ele-
ments (e.g., Ti, Y and HREE). Concentrations of volatile
(S, Cl) and semi-volatile (F) in parental melts also
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Fig. 2. Volatile and trace elements in parental melts of Kamchatkan volcanoes normalized to the composition of the Depleted MORB Mantle (DMM)

[28]. Average composition of N-MORB after [29].
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increase with increasing depth to the slab. Variations of
Cl (678—1085 ppm) are smaller compared to those of S
(773-2720 ppm) and F (100-400 ppm) so that CI/F
(2.3-6.8), Cl/S (0.4-0.9) and ratios of Cl to highly
incompatible lithophile elements (e.g., ClI/Nb=405-
1294) are systematically lower in the RA and CKD
compared to VF magmas (Fig. 3).
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Although there are large variations in the absolute
concentrations of highly incompatible elements, there
are only small and non-systematic variations of highly
incompatible element ratios (e.g., Ba/La, Fig. 3) across
the arc. High Ba/La (up to ~50) exceeding those in VF
are typical for CKD melts. Ratios of highly incompat-
ible elements to less incompatible elements increase
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Fig. 3. Volatile and trace elements in mean parental melts of Kamchatka plotted versus depth to the subducting Pacific slab. Composition of N-MORB
from [29,30]. Volcano abbreviations: KSU — Ksudach, KRM — Karymsky, CHK — Chikurachki, FRF — Farafonova Pad’, KL-H —
Klyuchevskoy (historic), KL-P-Klyuchevskoy (pre-historic), Tolbachik — TLB.
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with increasing depth to the subducting slab (e.g., Nb/Y,
K,0/TiO,, La/Yb) (Fig. 3).

The geochemical systematics of B and H,O in
Kamchatkan magmas is drastically different than for
other incompatible elements. Unlike all other trace
elements, B concentration and its ratios to incompatible
elements (e.g. B/Zr) decrease behind the volcanic front
in southern Kamchatka (Fig. 3). Compared to the
southern Kamchatka RA, the CKD magmas, generated
above a similarly deep subducting slab at 160—180 km,
have anomalously high B concentrations (10—13 ppm)
and B/Zr (0.15-0.24) similar to VF magmas.

With increasing depth to the slab, maximum H,O
concentrations remain nearly constant (2.5-2.8 wt.%).
Mean H,0 concentrations (1.8-2.6 wt.%) tend to
decrease from VF to RA (Fig. 3) and exhibit negative
correlations with most incompatible elements (e.g. Ba, Ti,
Zr, Na, Ti, F) (Fig. 4). Most ratios of H,O to incompatible
elements (e.g., mean H,O/Ce=1556—-4400) decrease and
H,O/B (0.18-0.45) tends to increase from the VF to the
RA. H,O/Ce does not correlate with Ba/Th or any other
LILE/HFSE and LILE/REE ratios but forms excellent

positive correlations with B/Zr (Fig. 4) and B/LREE and
highly concave down negative correlations with ratios of
highly incompatible elements relative to less incompatible
elements (e.g. Nb/Y or La/YDb).

The negative or lack of correlation between H,O and
incompatible elements in Kamchatkan magmas demon-
strates that the use of absolute concentrations of
incompatible elements (e.g. K,0, F, Ba) or their ratios
(e.g. Ba/Th) as proxies of water content in arc melts is
not straightforward and may lead to erroneous conclu-
sions. The correlation between mean H,O/Ce and B/Zr
in the inclusions indicates that behavior of B and H,O is
to some degree coupled during magma origin in
Kamchatka. This correlation however may not be
valid for all subduction zones.

5. Modelling of partial melting and composition of
slab components

Reasonably well-constrained compositions of paren-
tal melts provide an opportunity to examine relation-
ships between extent of partial melting and composition
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Fig. 4. Correlations of water and trace elements in parental melts. Volcano abbreviations as in Fig. 3. N-MORB composition is after [29], H,O/Ce and
B/Zr in N-MORB after [28]. Melt inclusions from the Central America Volcanic Arc (CAVA) after [20,21,40,41,63] and from the Mexican Volcanic
Belt (MVB) after [22]; Mariana Trough (MT) glasses from [3]; E-MORB glasses from Macquarie Island, SW Pacific (MACQ) after [64]. All
compositions recalculated to equilibrium with olivine Fog,. Note the positive correlation of H,O with Ba and TiO, in MORB suite from Macquarie
Island but negative correlation of H,O with TiO, and lack of clear correlation with Ba for Kamchatka, CAVA, MVB and MT, indicating different

regimes of melting beneath mid-ocean ridges and in SZ settings.
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of Kamchatkan mantle sources and to estimate the
composition of slab components that metasomatized
these sources prior to or during partial melting. In order
to obtain this information, we use an inverse modelling
approach, similar to the method described in [3,18].
Partial melting was assumed to be batch and modal
which provides a reasonably good approximation of
pooled mantle melts produced during polybaric and near
fractional melting (e.g. [18]). Melting was assumed to
occur in spinel lherzolite facies as indicated by relatively
unfractionated Dy/Yb ratios in Kamchatkan arc melts
(1.2-1.7), which are fairly similar to MORB (on
average ~ 1.5 [29,30]) (Fig. 3). Bulk partition coeffi-
cients appropriate for melting of spinel peridotite were
taken from [18,31]. Modelling included several steps: 1)
quantification of source compositions prior to SZ
metasomatism and melting, 2) estimation of degree of
partial melting (F™), 3) estimation of composition of
metasomatized mantle sources, and 4) quantification of
the composition and amount of enriched, presumably
slab-derived component (SC) in the sources.

5.1. Steps 1 and 2

Based on the low solubility of HFSE (Nb, Zr, Ti),
HREE (Dy, Er, Yb) and Y in slab-derived fluids (e.g.
[32]), we assumed that the concentrations of these
elements in estimated parental melts are entirely derived
from the mantle wedge and thus can provide informa-
tion about the mantle wedge composition and F™. As
illustrated in Figs. 4 and 5, variations of Nb and Y
concentrations and Nb/Y ratios in parental Kamchatkan
melts cannot be explained by batch partial melting of a
single source composition (e.g. DMM [28]) and imply
different degrees of melting of sources variably
enriched/depleted in Nb compared to DMM. The most
Nb-rich source is required to explain Karymsky parental
melt with Nb/Y=0.12 (Fig. 5). This source should be
slightly more fertile than DMM (Nb/Y ~ 0.05) from [28]
and is better approximated by Enriched DMM (E-DMM
in this work, Nb/Y ~0.07) from [31]. Other Kamchat-
kan parental melts originate from more Nb-depleted
sources than E-DMM. Following the approach of
[18,33], these depleted sources can be modelled in
terms of variable depletion due to a previous stage of
melting or Previous Melt Extraction (PME) from an
initially fertile (E-DMM) source, preceeding the main
episode of melting and creating a source with lower Nb/
Y than the initial mantle. Alternatively, variations in Nb/
Y can be described in terms of enrichment of a depleted
source by an OIB-like component (e.g. [34]) or mixing
of two contrasting mantle sources (e.g. [35]), which can
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Fig. 5. Variations of Nb and Y in parental magmas. Symbols as in
Fig. 3. Solid curves illustrate compositions of melts produced by 30%
of batch partial melting of Enriched DMM [31] (labeled as “E-DMM,
W and H”) and a residue after 1% of previous melt extraction (PME)
from E-DMM (labeled as “E-DMM, PME=1%") calculated by using
bulk partition coefficients from [31]. Dashed curve represents
compositions of partial melts from DMM [28] calculated by using
bulk partition coefficients from [18] (labeled as “DMM, S and S”).
Small numbers indicate degree of melting in wt.%.

provide an equally good solution for the estimate of the
mantle source prior to a major episode of melting.
Following previous workers [36], we applied “PME
model” to explain mantle wedge heterogeneity in HFSE.
Best-fit amounts of PME from E-DMM and F™ of
residual mantle source for every parental melt were
found iteratively by searching for minimum residual
error of F™ as estimated from 7 incompatible trace
elements (Nb, Zr, Ti, Dy, Er, Yb, Y) (Supplementary
Fig. 2). Working Excel spreadsheet for these calcula-
tions is provided in Supplementary Table 4. The results
are shown in Table 1 and Fig. 6 and indicate that
variations of fluid-immobile elements in Kamchatkan
magmas can be explained by 5-14% partial melting
following 0—0.9% PME from a E-DMM-type source.
Both F™ and PME were found to decrease with
increasing depth to the subducting slab (Fig. 6).

5.2. Steps 3 and 4

Using estimated F'™, the subduction-modified mantle
wedge source compositions of Kamchatkan magmas
were determined by solving the batch melting equation
for all incompatible elements in each parental melt
estimated from melt inclusions. An estimate of the
incompatible element abundances in an E-DMM source
having undergone PME provides an estimate of the
source composition before addition of the SC. Compar-
ing the source estimates determined by the two different
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Fig. 6. Mean concentrations of water in mantle sources (H,O%),
degrees of mantle melting (F™) and amount of previous melt
extraction (PME) for parental melts versus depth to subducting slab.
Note high H,0% in Kamchatka mantle sources compared to MORB
and OIB [9,37-39]. Symbols and volcano abbreviations as in Fig. 3.

methods indicates that all incompatible elements (ex-
cluding HFSE and HREE assumed to be derived
exclusively from the mantle wedge) are higher in the
subduction-modified source than in the E-DMM source
having undergone PME. This excess reflects the
contribution of SCs to the depleted mantle wedge source.
The absolute amount of each element added to the mantle
source(s) was calculated, and then the excesses were
summarized and normalized to 100 wt.% of oxides [3],
providing an estimate for the SC composition and its
amount in the source (Table 1). Because our calculations
do not account for the presence of all elements in the SC
(in particular the major silicate components), the
absolute concentrations in the SC should be considered
as maximum values and the amount of SC as a minimum
value. Ratios of the estimated elements in the SC, how-
ever, should reflect the actual ratios of these elements in
the SC.

It is important to emphasize that the estimates of
PME, F™, the composition of the subduction modified
source (e.g. H,O%) and the amount of slab component
are dependent on the choice of the initial mantle
composition and partition coefficients. For example,
using DMM [28] as starting fertile mantle source and a
set of partition coefficients from [18] results in
systematically higher F™ (by ~3%), H,0% (by
~0.05 wt.%) and lower PME (by ~0.5%) for parental
melts of Kamchatka compared to our estimates
(Supplementary Fig. 3). This discrepancy is relatively
small, and results of our study and recent results on
back-arc basins from [18] are thus directly comparable.
Our results however may drastically differ from results
of other studies, particularly when variability of mantle
wedge composition and prior melting are not taken into
account. The composition of the estimated (silicate-free)
slab components is only weakly dependent on the
choice of input parameters, especially for elements with
large (>90%) contribution from subducted slab (e.g.,
LILE) [3].

6. Discussion
6.1. Amount of water in Kamchatkan mantle sources

Estimated amounts of H,O in the sources of
Kamchatkan arc-type magmas (H,O%) range from
~0.13 wt.% beneath the RA, 0.21-0.26 wt.% beneath
the CKD volcanoes, up to 0.4 wt.% beneath the VF
(Table 1, Fig. 6). These concentrations are significantly
higher than in MORB (80—450 ppm, e.g. [9,37]) and
OIB sources (up to 900 ppm, e.g. [38,39]). The
Kamchatkan RA and CKD H,0% contents overlap
with those inferred for back-arc mantle sources (up to
0.38 wt.% for Manus basin [18]) and for the Mexican
Volcanic Belt (MVB). They however fall at the lower
end of H,O® for CAVA as estimated from published data
[20-22,40,41] (Fig. 7). Although most estimated
concentrations do not exceed the maximum mantle
water storage capacity in nominally anhydrous minerals
(up to 0.4-0.7 wt.% at 100—200 km depths [42]), the
combination of DMM-like source for the Kamchatkan
magmas and large excess of water compared to MORB
strongly suggests that water was supplied to the
Kamchatkan mantle wedge from an external source,
that is, from the dehydrating subducting plate.

Causal relationships between the high extent of
mantle hydration and the subduction process are
strongly supported by the general negative correlation
between H,0% for Kamchatka (this study) and back-arc
[18] magmas with depth to the subducting plate beneath
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Fig. 7. Relationships between degrees of partial mantle melting (F™),
amount of water in mantle sources (H,O%) (figure a) and mean H,O
contents in parental melts of Kamchatka (figure b). Symbols and volcano
abbreviations are as in Fig. 3. Dotted curves represent equal deviations
from dry peridotite solidus temperatures (A7°"S, °C) as calculated after
[46] at 1.5 GPa. All melting is water-fluxed at A7°"S <0. Some amount
of dry melting occurs at AT°"$>0, and its amount is given by intercept
of ATP™® lines with X-axis (no H,O in the system). Coefficients at cubic
polynomial equations describing H,O in magmas and sources versus F™
at different ATP"S are given in Supplementary Table 5. Melting
parameters for Central American Arc (CAVA) and Mexican Volcanic
Belt (MVB) were calculated from Ti, Y and H,O in primitive melt
inclusions from [20-22,40,41,63]. Field of back-arc magmas averaged
by segment is after [18]. MORB field is drawn by using data on primitive
MORB glasses (MgO>9 wt.%) from [65] and references therein. Thick
dashed arrow illustrates compositional evolution of Ksudach parental
melt derived from a source with ~ 0.5 wt.% water rising from deeper and
colder parts of mantle wedge through inverted thermal gradient to the
zone of magma segregation at shallow depth.

the volcano or distance of the volcanoes from the trench
(Fig. 6). This trend is consistent with progressive
dehydration of a subducting plate with progressively
less water being transferred to the overlying mantle
wedge with increasing subduction depth (e.g. [43]) and/
or more effective transport of water into the deep mantle
in deeper parts of the SZ.

6.2. Constraints on the thermal state of the mantle wedge

The amount of melt produced by hydrous mantle
melting depends strongly on temperature; for a given
amount of H,O the degree of melting increases with
increasing temperature [18,44—-46]. Therefore, estimat-
ed H,O in magmas and their sources and F™ provide an
opportunity to assess mantle temperatures beneath
Kamchatka, which may correspond to temperatures at
which magmas segregate from their mantle residues. To
estimate the temperature, we use a parameterized
hydrous melting model [46], quantitatively describing
relationships between mantle temperature (7), pressure
(P), degree of melting (F™) and bulk amount of water in
the system (H,0%). Absolute temperature estimates
depend on pressures at which the melts are in
equilibrium with mantle peridotite, which are difficult
to constrain precisely. In order to eliminate the unknown
variable P from the working equations in [46], we
estimated the temperatures for Kamchatkan mantle
sources in terms of temperature deviation (AT°"S) to
higher or lower values from the ‘dry’ peridotite solidus
T°PS(P) at given pressure: AT°PS=T(P)—T°"S(P),
providing a pressure-independent thermometer for
parental arc magmas. If P is independently estimated,
absolute temperatures can be calculated from A7TPPS
and the equation for 7°7S(P), which is well constrained
for lherzolite compositions (e.g., T°7S(P)=1085.7+
132.9x P—5.1xP? [46]). This thermometer was con-
strained in coordinates of F™ versus H,O® (Fig. 7a) or
H,O0 in parental melt (Fig. 7b). The later formulation is
preferable, because H,O in melt and F™ are determined
independently in practice, whereas H,O® is estimated
from F™ and H,O in the parental melt by solving the
equation for partial melting [18].

ATP?S for Kamchatkan sources estimated from the
mean H,O content in parental melts are close to DPS
and range from —30 °C to 0 (Fig. 7), which corresponds
to 1245-1330 °C at 1.5-2.0 GPa (sub-crustal depth in
Kamchatka). Importantly, the temperature estimates for
Klyuchevskoy volcano are fully consistent with the
results of liquidus thermobarometry based on major
element composition of primitive inclusions in olivine
Fogg_o1 (1280—1320 °C at 1.5-2.0 GPa) [47]. ATP"S
for VF sources are within error of 0 (DPS) but extend to
lower values for the CKD (Tolbachik) and RA (up to
—30 °C), indicating that the mantle sources are hotter
and/or the pressures (depths) of magma segregation are
lower (shallower) beneath the volcanic front in
Kamchatka compared to rear arc region.

Mantle temperatures close to and below the DPS
suggest that 1) nearly all melting beneath Kamchatka
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results from water addition to peridotite in the mantle
wedge source, and 2) variable H,O% is primarily
responsible for the large variations in F™ (Figs. 6 and 7).
Although suggested to play an important role in
generating arc volcanism, pressure-release ‘dry’ mantle
melting [7,8,32], which occurs above the DPS, is limited
by only few percent (if any) in the case of Kamchatka.

Our estimates suggest that regions of magma
generation in subduction zones such as Kamchatka,
CAVA and MVB are systematically (up to ~100 °C)
colder than the mantle beneath mid-ocean ridges and
back-arc basins, which undergo substantial melting
above the DPS (ATP"$=25-100 °C for MORB and
BAB) (Fig. 7). The lower mantle temperatures beneath
volcanic arcs compared to ocean ridges and back-arc
basins can be qualitatively attributed to the cooling effect
of the subducting plate on the overlying mantle wedge.
On the other hand, even though significantly lower than
in the source for mid-ocean ridge basalts, the mantle
wedge temperature beneath volcanic arcs is still higher
(up to 300 °C) than expected from isoviscous mantle
flow models for SZs (e.g. [48,49]), unless an unrealis-
tically high geothermal gradient (>20 °C/km) is assumed
before subduction initiation. Such a high geothermal
gradient cannot apply to the Kamchatka Arc, because it
is built on relatively thick (30—35 km) continental-type
crust. The easiest explanation for the relatively high
temperatures beneath volcanic arcs is substantial trench-
ward oblique mantle upwelling (corner flow associated
with