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Abstract

The shift of lava geochemistry between volcanic front to rear-arc volcanoes in active subduction zones is a widespread phenomenon.
It is somehow linked to an increase of the slab surface depth of the subducting oceanic lithosphere and increasing thickness of the mantle
wedge and new constraints for its causes may improve our understanding of magma generation and element recycling in subduction
zones in general. As a case study, this paper focuses on the geochemical composition of lavas from two adjacent volcanic centres from
the volcanic front (VF) to rear-arc (RA) transition of the Southern Kamchatkan subduction zone, with the aim to examine whether the
shift in lava geochemistry is associated with processes in the mantle wedge or in the subducted oceanic lithosphere or both. The trace
element and O–Sr–Nd–Hf–Pb (double-spike)-isotopic composition of the mafic Mutnovsky (VF) and Gorely (RA) lavas in conjunction
with geochemical modelling provides constraints for the degree of partial melting in the mantle wedge and the nature of their slab com-
ponents. Degrees of partial melting are inferred to be significantly higher beneath Mutnovsky (�18%) than Gorely (�10%). The Mut-
novsky (VF) slab component is dominated by hydrous fluids, derived from subducted sediments and altered oceanic crust, eventually
containing minor but variable amounts of sediment melts. The composition of the Gorely slab component strongly points to a hydrous
silicate melt, most likely mainly stemming from subducted sediments, although additional fluid-contribution from the underlying altered
oceanic crust (AOC) is likely. Moreover, the Hf–Nd-isotope data combined with geochemical modelling suggest progressive break-down
of accessory zircon in the melting metasediments. Therefore, the drastic VF to RA shift in basalt chemistry mainly arises from the tran-
sition of the nature of the slab component (from hydrous fluid to melt) in conjunction with decreasing degrees of partial melting within
�15 km across-arc. Finally, systematic variations of key inter-element with high-precision Pb-isotope ratios provide geochemical evi-
dence for a pollution of the Mutnovsky mantle source with Gorely melt components but not vice versa, most likely resulting from
trench-ward mantle wedge corner flow. We also present a geodynamic model integrating the location of the Mutnovsky and Gorely vol-
canic centres and their lava geochemistry with the recently proposed thermal structure of the southern Kamchatkan arc and constraints
about phase equilibria in subducted sediments and AOC. Herein, the slab surface hosting the subducted sediments suffers a transition
from dehydration to melting above a continuously dehydrating layer of AOC. Wider implications of this study are that an onset of (flush-)
sediment melting may ultimately be the main trigger for the VF to RA transition of lava geochemistry in subduction zones.
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1. Introduction

The origin of geochemical across-arc zoning of arc lavas
attracts the attention of Earth scientists. The phenomenon
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is well expressed in subduction zones with moderate slab
angles revealing a major shift in lava geochemistry between
the volcanoes at the volcanic front (VF) and those located
directly behind in the rear-arc (RA) (e.g., Izu Bonin, Kuri-
le, Kamchatka, Central America) (Ishikawa and Nakam-
ura, 1994; Tatsumi and Eggins, 1995; Walker et al., 1995;
Ishikawa and Tera, 1997; Taylor and Nesbitt, 1998; Chu-
rikova et al., 2001; Hochstaedter et al., 2001). In terms of
major elements the geochemistry changes from high-FeO/
MgO and low-K tholeiites in the VF to medium- to low-
FeO/MgO, medium- to high-K lavas in the RA. For a giv-
en MgO content the RA lavas tend to have higher incom-
patible trace element concentrations and VF and RA lavas
differ significantly as to their inter-element ratios involving
both fluid-mobile and relatively immobile elements and iso-
tope ratios (Walker et al., 1995; Ishikawa and Tera, 1997;
Taylor and Nesbitt, 1998; Churikova et al., 2001; Hochs-
taedter et al., 2001). A part of the across-arc geochemical
variation may be caused by differences in the degree of par-
tial melting beneath the VF and RA most likely governed
by the interplay of water-flux from the subducted slab
and decompression of mantle wedge material (Hochstaed-
ter et al., 2001; Portnyagin et al., in press). Further varia-
tion may be associated with differences of the source
fertility due to mantle wedge corner flow causing the trans-
port of mantle material that has lost a melt component be-
neath the RA to the VF region for re-melting
(Hochstaedter et al., 2001). The role and provenance of
slab-derived hydrous fluids and melts as an additional trig-
ger for across-arc geochemical variations is much debated
too (Hawkesworth, 1982; Hawkesworth et al., 1993; Pearce
and Peate, 1995; Plank and Langmuir, 1998; Pearce et al.,
1999; Stern, 2002; Kelemen et al., 2004; George et al., 2005;
Plank, 2005). Notably, the release and nature of slab com-
ponents may be strongly dependent on the thermal struc-
ture of the mantle wedge and the subducted oceanic
lithosphere.

Recently, geophysical models provided new insights to
the thermal structure of active subduction zones. Until
then, thermal models predicted that solidus temperatures
for sediment and basalt melting were not reached at the
top of the subducting plate under normal circumstances.
Therefore, slab-surface and ultimately sediment melting be-
came an unpopular melting process since the 1980’s to the
benefit of fluid-flux melting models and, unfortunately, it
even happened that authors for this reason discounted their
successful geochemical model involving aqueous silicate
slab-melts (see review in Kelemen et al., 2004). However,
a fundamentally different picture of the calculated thermal
structure of subduction zones arises when the mantle
wedge viscosity is not considered constant. Recent thermal
models involve non-Newtonian, temperature- and stress-
dependent olivine rheology in the mantle wedge and
frictional heating of the slab surface before the volcanic
front (e.g., for the Central American and southern
Kamchatkan arcs) (van Keken, 2003; Manea et al., 2005;
Peacock et al., 2005). These models consistently show that
mantle material flow is focussed into the tip of the mantle
wedge ultimately producing higher temperatures at the slab
surface than hitherto thought on the basis of isoviscous
models. Intriguingly, the revised thermal structure predicts
slab surface temperatures sufficiently high for wet partial
melting of subducted sediments and oceanic crust, that
therefore appear to be processes more common than
hitherto believed (Kelemen et al., 2004). However, if the
oceanic crust is covered by a layer of marine sediments,
partial melting may be restricted to the sediment layer
whereas the basaltic oceanic crust only dehydrates (Pea-
cock et al., 2005). It is worth noting that the differences
in predicted slab surface temperatures arising from the
two groups of thermal models seem to be particularly rele-
vant for the inferred thermal conditions of the slab surface
beneath the volcanic front to rear-arc region (van Keken,
2003; Manea et al., 2005; Peacock et al., 2005).

In order to examine the role of crustal and mantle pro-
cesses, we performed an extensive trace element and iso-
tope (O–Sr–Nd–Hf–Pb double-spike) study focussing on
the Mutnovsky (VF) and Gorely (RA) volcanoes in south-
ern Kamchatka. This arc segment is ideal for such a study
because: (1) it has a moderate slab angle of �55� (Gorba-
tov et al., 1997) not too shallow to inhibit arc magmatism
and not too steep to produce an unfavourable overlap of
possible zones of slab-derived fluid and melt mobilisation,
(2) it is a relatively simple subduction zone segment aside
the complicating influence of a slab edge and subducting
seamount chain as is the case further north in the Kam-
chatkan subduction zone (Dorendorf et al., 2000; Churik-
ova et al., 2001; Yogodzinski et al., 2001; Portnyagin
et al., 2005), (3) a model for the thermal structure of its
mantle wedge was published recently predicting the possi-
bility of sediment melting at the slab surface (Manea
et al., 2005) and (4) the Mutnovsky and Gorely stratovol-
canoes are located above the predicted region of slab sur-
face melting just �15 km apart along an across-arc
profile. This paper provides new insights to the magma
genesis and element recycling in the Kamchatkan arc in
particular and subduction zones in general confirming the
predictions of recent thermal models.

2. Geological background

The Kamchatkan peninsula is one of the most active
volcanic realms on Earth. Two volcanic zones can be dis-
tinguished (Fig. 1): The Sredinny Range (SR) and the
Eastern volcanic belt (EVB) located south of the Bering-
Alpha Fault Zone. The EVB can be subdivided into a
northern, central and southern segment. The former is
hosting the Central Kamchatkan Depression (CKD) and
the other are separated by the Petropavlovsk Fault zone.
The southern part of the EVB continues into the northern
Kurile arc situated due south of the Kamchatkan penin-
sula. Most of the active Kamchatkan volcanoes are found
in the arcuate EVB that is formed largely parallel to the
Kurile-Kamchatkan trench where the Pacific plate is sub-
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Fig. 1. Space image of the Kamchatkan peninsula (NASA) showing the
Mutnovsky and Gorely volcanic centres in the Eastern volcanic belt. These
stratovolcanoes constitute the volcanic front to rear-arc transition of an
�80 km long across-arc volcanic chain in southern Kamchatka. Stippled
lines indicate slab surface depths. The inset gives an overview of the
geodynamic situation in Kamchatka and the northwesternmost Pacific
Ocean (modified from Ishikawa et al. (2001)). Abbreviations are: NS,
Northern Segment; CS, Central Segment; SS, Southern Segment; BAFZ,
Bering-Aleutian Fault Zone; SR, Sredinny Ridge; CKD, Central Kam-
chatkan Depression; PFZ, Petropavlovsk Fault Zone; KKT, Kurile-
Kamchatka Trench; HESC, Hawaii-Emperor Seamount Chain.
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ducted with �7.8 cm/y (Gorbatov et al., 1997, 1999).
Along the volcanic front of southern Kamchatka the vol-
canic centres are situated �90–110 km above the Wadati-
Benioff Zone, whereas the rear-arc volcanoes are located
above slab surface depths ranging from �100–220 km
(Fig. 1).

Several pairs of volcanoes exist in the Kamchatkan arc
revealing a geochemical shift between the VF and RA re-
gion. From north to south, examples are Klyuchevskoy–
Ushkovsky, Zhupanovsky–Dzenzursky, Avachinsky–
Koryaksky, Mutnovsky–Gorely and Kambalny–Kosheleva
(Fedotov and Masurenkov, 1991; Hochstaedter et al.,
1996) suggesting that the shift is related to systematic
across-arc changes in the chemical and physical condi-
tions of the Kamchatkan subduction zone. The Holocene
Mutnovsky and Gorely volcanic centres are located in the
southern segment and are part of an �80 km long
east–west oriented across-arc volcanic chain (Fig. 1).
The Mutnovsky stratovolcano is situated �100 km above
the surface of the subducting slab, whereas the Gorely
volcano, hosting a caldera, is displaced �15 km westward
and therefore located ca. 120 km above the slab surface
(Selyangin, 1993; Selyangin and Ponomareva, 1999). In
contrast to Central Kamchatka, comprehensive geochem-
ical data sets with major and trace element and radiogenic
and stable isotope data barely exist for southern Kam-
chatkan arc lavas. Until this study the geochemically most
well studied volcanic centre in this area is Ksudach volca-
no (Bailey et al., 1987; Bindeman et al., 2004), whereas
for Mutnovsky and Gorely only few selected samples
have been analysed that include both major and trace ele-
ment concentrations and isotope ratios (Kepezhinskas
et al., 1997; Turner et al., 1998; Pineau et al., 1999; Bind-
eman et al., 2004).

3. Results

Major and trace element whole rock data were deter-
mined by X-ray fluorescence analysis (XRF), inductively
coupled-plasma mass spectrometry (ICP-MS) and isotope
dilution (ID) mass spectrometry using a multi collector
(MC)-ICP-MS (Tables 1–3). Oxygen isotope ratios of min-
eral separates were determined by means of CO2-laser flou-
rination mass spectrometry (Table 4). Radiogenic isotope
whole rock data were analysed by TIMS (Sr) and MC-
ICP-MS (Nd, Hf and Pb double-spike) (Table 4). The ana-
lytical methods and procedures are comprehensively de-
scribed in Appendix A.

3.1. Major and trace element data

The lavas from the Mutnovsky and Gorely volcanic cen-
tres have completely different major and trace element
compositions. They, respectively, range from 49.1–60.1
and 50.3–76.8 wt% SiO2 and from 2.1–6.9 and 0.3–
9.2 wt% MgO. Based on their major element contents,
the mafic Mutnovsky lavas are mostly high-Fe tholeiites
whereas most Gorely samples are medium-Fe, medium-
to high-K basalts to trachyandesites (Fig. 2a and b). Posi-
tive correlations of MgO with CaO, Sc, Cr and Ni (Fig. 2)
point to the significant role of combined olivine and clino-
pyroxene fractional crystallisation yet there is no evidence
for phenocryst accumulation. Kinks in diagrams with
MgO versus SiO2, TiO2, FeO, P2O5, V, Zn, Ga, Y and
Zr illustrate the onset of magnetite, apatite and zircon frac-
tional crystallisation below 2–4 wt% MgO. Lavas from
Mutnovsky (except one more evolved sample) do not have
significant Eu-anomalies [Eu/Eu* = (EuNch)/(SmNch*
GdNch)1/2, Nch—normalised to chondrite] but those from
Gorely have Eu/Eu* ranging from 0.96 to 0.78 correlating
positively with CaO and Sr/Nd due to substantial fraction-
al crystallisation of plagioclase even in basaltic samples
(except the most mafic lava N69) (Fig. 3j). For a given
MgO content the mafic Mutnovsky samples (>4% MgO)
generally have higher Al2O3, FeO, MnO, CaO, Co and V
but lower SiO2, Na2O, K2O, P2O5, Cr, (±Ni) and both
fluid-mobile and fluid-immobile, incompatible element
contents (e.g., Cs, Tl, Rb, Ba, Th, U, Nb, Pb, Sn, Zr, Hf,
Y and REE) than Gorely lavas (Figs. 2–4).

In multi-element diagrams, Mutnovsky (M) and Gorely
(G) arc lavas have spiked patterns with incompatible ele-



Table 1
Major (wt%) and trace element (ppm) XRF data of Mutnovsky and Gorely lavas

Sample no. N72 N75 N73 N71 N74 N79 N94 N78 N98 N77 N95 N69
Location Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Gorely/

Dvugorbaya
Latitude N 52.473 52.479 52.473 52.473 52.473 52.502 52.468 52.479 52.476 52.479 52.474 52.531
Longitude E 158.137 158.132 158.137 158.137 158.137 158.128 158.164 158.135 158.158 158.131 158.161 158.134
Age Q3 Q3 Q3 Q3 Q3 Q3 Q3 Q3 Q3 Q3 Q3 Q3

Rock type Basalt Basalt Basalt Basalt Basalt Bas. andesite Basalt Bas. andesite Bas. andesite Andesite Andesite Basalt

SiO2 49.1 50.3 49.6 50.1 50.2 52.2 50.8 52.5 53.5 58.5 60.1 50.3
TiO2 0.88 0.88 0.99 0.97 1.00 1.24 1.05 0.98 1.23 0.96 0.88 1.05
A12O3 18.0 18.4 18.4 18.8 18.4 17.0 18.0 18.6 16.9 16.0 17.2 15.9
Fe2O3t 10.2 9.95 10.9 10.5 11.1 10.6 11.3 9.65 11.4 9.42 6.98 10.2
MnO 0.17 0.17 0.18 0.18 0.18 0.18 0.21 0.18 0.21 0.23 0.12 0.17
MgO 6.88 5.93 5.60 5.31 5.30 4.86 4.71 4.11 3.80 2.60 2.12 9.22
CaO 11.1 10.0 10.4 10.7 10.5 9.12 9.87 9.34 8.05 5.98 6.58 9.07
Na2O 2.40 2.63 2.70 2.77 2.69 3.46 2.82 3.00 3.59 4.48 3.69 2.90
K2O 0.22 0.44 0.33 0.33 0.38 0.91 0.26 0.62 0.44 0.93 1.82 0.93
P2O5 0.15 0.18 0.13 0.14 0.17 0.34 0.17 0.21 0.21 0.21 0.21 0.29
H2O 0.80 0.83 0.49 0.21 0.44 0.21 1.05 0.98 0.47 0.49 0.28 0.18
CO2 0.03 0.08 0.03 0.01 0.03 0.01 0.03 0.21 0.05 0.04 0.04 0.02
Sum 99.9 99.9 99.7 100.1 100.4 100.1 100.3 100.4 99.8 99.8 100.1 100.2

Co 46 37 38 42 38 30 40 34 35 22 15 44
Cr 123 86 67 59 63 69 50 53 19 <18 <18 366
Ni 68 39 20 34 10 10 9 20 <2 <2 4 142
V 296 327 340 332 329 300 343 282 321 189 151 249
Zn 76 76 89 88 90 85 99 81 107 113 70 82
Ce 21 19 22 <10 20 20 12 14 17 25 20 41
La <14 <14 <14 <14 <14 <14 <14 <14 <14 <14 <14 <14
Nb 2 4 3 3 2 6 3 3 5 5 7 7
Ga 16 20 18 19 16 17 21 18 21 22 19 15
Pb 6 8 9 17 9 6 5 8 6 14 9 11
Pr <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4
Rb <4 7 5 4 5 13 <4 11 8 16 35 16
Ba 112 146 120 154 149 309 158 261 168 313 470 313
Sr 419 408 402 417 412 464 420 436 409 376 357 437
Th <4 <4 <4 6 <4 <4 <4 <4 <4 <4 <4 5
Y 21 20 22 23 24 28 25 24 28 41 35 24
Zr 52 61 55 54 58 111 62 82 75 113 162 96

(continued on next page)
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Table 1 (continued)

N87 N89 N88 N65-A N62 N65-B N57 N56 N63 N67 N66 N84
Location Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely
Latitude N 52.559 52.591 52.580 52.544 52.548 52.544 52.559 52.559 52.548 52.545 52.545 52.589
Longitude E 158.043 157.996 157.992 158.016 158.000 158.016 158.017 158.017 158.000 158.032 158.022 158.000

Q3–4 Q4 8–11 Ky Q4(?) 8–11 Ky Q4(?) Q4(?) Q4 8–11 Ky �250 BP Q4(?) 3000 BP
Rock
type

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

Bas.
andesite

SiO2 53.6 53.2 53.0 53.8 53.9 54.8 55.3 54.9 54.8 54.3 54.2 55.3
TiO2 1.17 1.10 1.06 1.21 1.03 1.25 1.23 1.24 1.04 1.24 1.22 1.22
A12O3 16.4 17.1 17.4 16.8 17.3 16.6 16.5 16.6 17.1 16.4 16.5 16.4
Fe2O3t 9.83 9.49 9.58 9.77 8.96 9.54 9.49 9.47 8.94 9.47 9.62 9.17
MnO 0.16 0.17 0.17 0.15 0.16 0.16 0.16 0.16 0.16 0.16 0.15 0.16
MgO 5.43 5.21 5.13 4.75 4.62 4.52 4.51 4.50 4.47 4.46 4.44 4.37
CaO 7.71 8.19 8.63 7.98 8.27 7.46 7.60 7.50 7.86 7.37 7.37 7.21
Na2O 3.23 3.32 3.22 3.13 3.28 3.39 3.36 3.45 3.34 3.45 3.41 3.46
K2O 1.64 1.35 1.16 1.67 1.39 1.94 1.84 1.93 1.51 1.93 1.89 2.01
P2O5 0.41 0.37 0.33 0.42 0.29 0.44 0.42 0.45 0.30 0.46 0.45 0.44
H2O 0.37 0.59 0.42 0.68 0.52 0.14 0.25 0.24 0.45 0.25 0.56 0.24
CO2 0.03 0.04 0.03 0.04 0.03 0.02 0.05 0.04 0.03 0.02 0.04 0.01
Sum 100.0 100.1 100.1 100.4 99.8 100.3 100.7 100.5 100.1 99.5 99.8 100.0

Co 31 32 29 28 27 26 25 26 25 28 26 24
Cr 166 90 97 95 80 95 81 101 85 100 95 109
Ni 66 31 28 26 8 27 21 29 19 28 42 29
V 237 240 259 246 242 224 235 226 235 225 224 217
Zn 85 82 86 89 78 84 87 82 73 82 88 80
Ce 29 26 11 37 21 41 50 31 35 59 26 58
La <14 <14 <14 <14 16 <14 <14 <14 <14 <14 <14 <14
Nb 8 7 6 8 3 8 8 8 6 8 8 7
Ga 14 17 20 15 16 19 16 18 19 18 20 15
Pb 10 10 8 8 11 13 9 10 7 6 11 7
Pr <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4
Rb 29 24 19 33 26 39 35 35 29 37 36 39
Ba 470 457 397 510 405 526 524 536 428 532 520 548
Sr 422 499 470 450 446 429 408 437 432 432 425 416
Th <4 <4 <4 <4 <4 <4 <4 4 <4 <4 <4 <4
Y 35 29 29 32 27 36 34 38 27 37 35 36
Zr 179 147 134 180 131 215 200 214 145 211 203 219
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N55 N90 N80 N92 N64 N60 N59 N61 N68 N86 N82 N58 N70
Location Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely /

Skalistaya
Latitude N 52.583 52.523 52.571 52.517 52.547 52.552 52.560 52.549 52.545 52.549 52.571 52.576
Longitude E 158.016 157.958 158.010 157.951 158.006 157.988 157.972 157.998 158.032 158.064 158.002 157.971

8–11 Ky �250 BP Q3 (?) �250 BP �250 BP �250 BP �250 BP �250 BP Q3 �250 BP Q3 Q2 63-68 Ky
Rock
type

Bas.
andesite

Bas.
andesite

Bas.
andesite

Trachyan-
desite

Trachyan-
desite

Trachyan-
desite

Trachyan-
desite

Trachyan-
desite

Andesite Trachyan-
desite

Trachyte Rhyolite Rhyolite

SiO2 55.9 56.8 56.9 57.3 57.3 57.2 57.8 57.2 58.1 57.6 60.4 68.9 76.8
TiO2 1.24 1.37 1.24 1.39 1.38 1.37 1.40 1.37 1.39 1.39 1.29 0.69 0.19
A12O3 16.3 15.9 16.2 15.9 15.9 16.0 16.1 16.2 16.4 15.9 15.3 15.0 12.2
Fe2O3t 9.27 9.25 8.82 9.18 9.00 8.89 9.02 9.06 8.79 9.00 7.74 2.75 1.24
MnO 0.16 0.16 0.16 0.16 0.15 0.16 0.16 0.15 0.14 0.15 0.16 0.12 0.04
MgO 4.29 3.15 3.09 2.94 2.90 2.89 2.87 2.85 2.78 2.75 2.17 0.79 0.27
CaO 7.00 6.41 6.35 6.19 6.19 6.24 6.18 6.26 6.11 6.02 4.71 1.83 1.03
Na2O 3.52 3.56 3.99 3.73 3.69 3.75 3.82 3.73 3.36 3.75 4.54 5.44 3.96
K2O 2.12 2.48 1.88 2.61 2.59 2.58 2.65 2.58 2.14 2.71 2.51 3.30 3.36
P2O5 0.46 0.52 0.42 0.54 0.53 0.54 0.54 0.53 0.48 0.56 0.51 0.13 0.03
H2O 0.38 0.24 0.70 0.18 0.28 0.27 0.28 0.24 0.26 0.24 0.28 0.35 0.38
CO2 0.05 0.03 0.01 0.01 0.03 0.04 0.03 0.02 0.03 0.01 0.01 0.03 0.04
Sum 100.7 99.9 99.8 100.1 99.9 99.9 100.9 100.2 100.0 100.1 99.6 99.3 99.5

Co 24 22 20 19 18 17 19 20 22 16 11 4 5
Cr 109 31 <18 <18 21 27 31 27 49 <18 <18 <18 <18
Ni 39 10 5 5 <2 3 3 19 11 6 <2 <2 <2
V 208 214 254 217 201 205 210 212 231 204 161 41 16
Zn 86 85 83 87 88 88 89 88 83 91 86 66 29
Ce 56 50 28 48 56 42 60 64 51 57 47 73 20
La <14 <14 16 21 18 <14 <14 <14 <14 17 <14 <14 <14
Nb 8 9 8 10 9 11 13 11 8 11 9 6 <2
Ga 19 17 17 14 16 21 16 15 19 17 17 15 10
Pb 8 14 11 17 9 17 12 13 13 12 14 11 11
Pr <4 <4 <4 <4 7 <4 <4 <4 <4 6 5 13 <4
Rb 41 48 35 53 53 53 53 51 41 55 43 60 66
Ba 583 681 571 683 694 688 671 688 621 694 748 879 821
Sr 404 373 424 364 366 368 362 372 411 361 354 200 87
Th <4 6 <4 5 4 <4 5 <4 <4 <4 <4 <4 8
Y 39 44 35 48 45 46 48 47 37 47 48 51 16
Zr 229 280 199 293 292 293 295 292 246 306 266 340 121

Abbreviations: Q, Quaternary; Q1, Early Pleistocene; Q2, Middle Pleistocene; Q3, Late Pleistocene; Q4, Holocene.
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Table 2
ICP-MS trace element data (ppm) of selected Mutnovsky (M) and Gorely (G) lavas and altered oceanic crust samples (K-AOC)

Location M M M M M M M M G G G G G G G Kronotsky
Peninsula

Kamchatsky
Peninsula

Kamchatsky
Peninsula

Sample no. N72 N75 N71 N79 N94 N78 N98 N77 N69 N87 N89 N88 N84 N86 N58 881 6539-4 D210-1
Rock type B B B BA B BA BA A B BA BA BA BA TA R AM AM AM

Li 5.57 6.16 6.16 7.55 4.76 5.49 7.05 13.2 6.59 9.92 9.65 9.35 11.6 16.4 22.5 6.37 10.2 20.3
Sc 38.4 33.1 39.0 34.6 34.1 29.1 39.7 27.7 32.5 27.3 27.4 29.6 25.0 23.9 12.0 51.1 38.9 45.7
V 391 312 438 288 316 269 300 169 336 228 239 252 210 205 28.0 478 240 254
Cr 120 69.7 49.7 49.1 28.8 31.6 2.06 0.80 359 152 80.7 88.0 93.8 13.3 1.16 212 393 535
Co 36.0 28.8 30.9 25.4 27.4 24.0 23.0 14.5 42.7 30.3 26.5 26.8 22.8 17.9 1.61 47.6 31.4 61.8
Ni 51.5 29.8 24.7 16.7 14.9 21.0 3.81 6.53 156 69.7 42.2 36.0 42.0 11.3 2.36 87.6 99.9 216
Cu 131 125 105 78.9 128 107 105 71.5 90.3 77.0 83.3 88.4 86.3 109 4.36 61.4 14.7 86.3
Zn 77.6 75.1 88.5 81.9 90.9 76.6 105 106 81.0 82.7 80.7 81.8 80.3 89.2 64.7 127 47.0 92.3
Ga 18.2 16.8 20.4 17.3 18.2 17.6 19.4 19.0 17.1 16.6 17.3 17.5 17.0 18.0 16.8 21.4 13.8 17.0
Rb 2.87 4.65 3.76 12.0 3.48 7.97 5.17 12.4 14.4 28.8 21.6 17.3 36.9 53.2 55.2 0.41 3.64 7.32
Sr 430 404 433 459 408 429 406 367 454 427 508 476 416 365 201 117 170 171
Y 17.3 18.3 20.0 25.6 21.4 21.6 26.7 37.5 22.4 32.0 26.2 25.5 33.9 43.8 44.7 57.0 24.6 25.6
Zr 44.2 51.3 43.8 103 50.6 76.1 59.0 105 95.3 178 148 130 216 301 338 177 60.4 63.5
Nb 0.99 1.18 0.86 2.89 0.97 1.70 1.13 1.70 2.89 4.96 4.50 3.70 5.94 8.25 9.71 4.11 1.19 0.65
Mo 0.31 0.43 0.65 0.47 0.10 0.23
Sn 0.60 1.05 0.70 0.95 1.23 0.98 0.85 1.36 0.89 1.44 1.15 1.34 1.60 2.79 2.69 1.55 0.41 0.53
Sb 0.15 0.14 0.15 0.09 0.18 0.21 0.28 0.44 0.06 0.19 0.12 0.11 0.27 0.41 0.40
Cs 0.25 0.16 0.34 0.39 0.29 0.40 0.29 1.01 0.46 0.60 0.83 0.69 1.60 2.36 2.11 0.01 0.08 0.35
Ba 110 196 126 343 169 278 180 316 284 476 498 412 564 732 911 6.11 66.6 17.6
La 3.87 4.72 3.62 10.0 4.28 6.78 4.79 7.35 9.51 15.8 14.5 12.5 18.6 24.9 26.3 5.27 1.85 1.54
Ce 10.5 12.4 10.2 25.2 12.0 17.1 13.7 21.2 23.7 38.4 35.1 30.3 44.9 59.7 62.1 17.5 6.28 5.59
Pr 1.69 1.99 1.72 3.80 2.04 2.62 2.39 3.66 3.44 5.56 5.02 4.35 6.35 8.40 8.44 3.15 1.13 1.13
Nd 8.54 10.1 8.97 18.2 10.8 12.9 12.8 19.2 15.8 25.3 22.7 20.0 28.7 37.1 36.1 16.8 6.22 6.46
Sm 2.51 2.89 2.72 4.68 3.25 3.48 3.88 5.63 3.99 6.11 5.39 4.83 6.76 8.67 8.08 5.70 2.26 2.33
Eu 0.87 1.01 0.96 1.52 1.15 1.15 1.37 1.71 1.22 1.63 1.58 1.45 1.72 2.01 1.91 1.96 0.80 0.97
Gd 2.72 3.30 3.05 5.01 3.76 3.86 4.54 6.31 3.93 6.29 5.44 4.98 6.87 8.69 7.86 7.29 2.97 3.11
Tb 0.47 0.56 0.53 0.82 0.64 0.65 0.78 1.09 0.64 1.00 0.86 0.79 1.09 1.38 1.29 1.34 0.56 0.58
Dy 2.98 3.57 3.41 5.06 4.17 4.08 5.09 6.99 3.87 6.11 5.27 4.89 6.62 8.36 8.09 8.87 3.76 3.87
Ho 0.62 0.75 0.71 1.05 0.88 0.85 1.07 1.48 0.79 1.26 1.08 1.00 1.37 1.71 1.70 1.87 0.79 0.82
Er 1.74 2.08 2.01 2.89 2.47 2.39 3.03 4.21 2.20 3.48 2.98 2.78 3.80 4.81 4.92 5.30 2.24 2.32
Tm 0.25 0.31 0.29 0.43 0.37 0.36 0.45 0.65 0.32 0.52 0.45 0.42 0.57 0.72 0.77 0.80 0.33 0.34
Yb 1.68 2.14 1.96 2.88 2.51 2.43 3.08 4.40 2.12 3.53 3.06 2.81 3.87 4.87 5.41 5.35 2.20 2.30
Lu 0.25 0.32 0.29 0.44 0.38 0.37 0.47 0.67 0.31 0.53 0.46 0.43 0.59 0.74 0.83 0.80 0.32 0.34
Hf 1.30 1.55 1.36 2.69 1.61 2.05 1.89 3.16 2.46 4.39 3.77 3.19 5.43 7.43 8.10 4.26 1.49 1.51
Ta 0.05 0.08 0.05 0.18 0.06 0.11 0.07 0.11 0.16 0.31 0.29 0.24 0.38 0.52 0.63 0.24 0.07 0.04
W 0.06 0.08 0.10
Tl 0.05 0.02 0.04 0.05 0.02 0.09 0.06 0.07 0.04 0.11 0.12 0.10 0.17 0.22 0.31 0.01 0.02 0.05
Pb 2.85 3.84 2.99 4.54 3.78 5.42 4.08 6.41 3.85 6.20 6.49 6.19 9.03 12.7 14.2 0.59 0.01 0.13
Th 0.21 0.26 0.22 0.89 0.24 0.69 0.28 0.77 1.04 2.27 1.65 1.34 2.97 4.37 4.04 0.26 0.06 0.04
U 0.12 0.13 0.12 0.38 0.14 0.31 0.15 0.37 0.40 0.93 0.67 0.56 1.21 1.79 1.65 0.11 0.03 0.09

Abbreviations: B, basalt; BA, basaltic andesite; A, andesite; TA, trachyandesite; R, rhyolite; AM, altered MORB.
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Table 3
MC-ICP-MS isotope dilution trace element data (ppm) of selected Mutnovsky and Gorely lavas

Sample no. N72 N75 N73 N71 N74 N79 N94 N78 N98 N77 N69
Location Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Mutnovsky Gorely
Rock type Basalt Basalt Basalt Basalt Basalt Bas. andesite Basalt Bas. andesite Bas. andesite Andesite Basalt

Rb 2.00 4.40 3.86 3.54 4.03 11.2 3.18 7.43 4.60 11.7 12.6
Ba 96.5 192 165 136 150 321 157 262 161 304 304
Th 0.122 0.228 0.182 0.153 0.199 0.573 0.198 0.643 0.204 0.644 1.04
U 0.127 0.151 0.153 0.129 0.146 0.349 0.155 0.413 0.170 0.382 0.401
La 4.65 5.53 3.68 3.70 4.64 10.9 4.13 7.92 4.63 7.88 12.3
Ce 11.1 12.9 10.4 10.3 12.0 25.2 11.4 18.0 12.9 22.0 26.4
Pb 2.33 3.01 2.69 2.43 2.71 3.57 2.96 5.04 3.01 5.99 3.30
Nd 8.63 9.71 9.00 8.89 9.91 17.0 9.83 12.6 11.4 18.9 16.2
Sr 399 407 417 452 394 426 380 366 410
Sm 2.48 2.74 2.73 2.67 2.94 4.35 2.92 3.38 3.44 5.51 3.97
Hf 1.37 1.55 1.37 1.42 1.55 2.68 1.62 2.14 1.92 3.30 2.44
Eu 0.880 0.960 0.991 0.967 1.03 1.54 1.04 1.22 1.24
Gd 2.82 3.09 3.17 3.05 3.38 4.53 3.48 4.13 3.94
Dy 3.00 3.28 3.49 3.39 3.66 4.84 3.71 3.97 4.40 3.96
Er 1.85 2.03 2.18 2.34 2.91 2.31 2.45 2.76 4.01 2.36
Yb 1.70 1.89 2.01 1.97 2.16 2.69 2.17 2.32 2.60 3.90 2.18
Lu 0.249 0.277 0.295 0.292 0.321 0.392 0.317 0.347 0.387 0.584 0.317

Sample no. N87 N89 N88 N67 N84 N55 N90 N80 N60 N86 N82 N58
Location Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely Gorely
Rock type Bas. andesite Bas. andesite Bas. andesite Bas. andesite Bas. andesite Bas. andesite Bas. andesite Bas. andesite Trachyandesite Trachyandesite Trachyte Rhyolite

Rb 24.9 20.1 16.5 33.5 34.4 36.4 45.3 29.5 43.9 49.3 40.2 52.3
Ba 436 469 402 551 525 569 658 566 691 689 725 913
Th 1.58 1.30 1.02 2.31 2.35 2.36 2.08 2.57 3.34 2.83 3.46
U 0.887 0.646 0.544 1.13 1.09 1.24 0.963 1.41 1.53 1.31 1.60
La 17.2 17.0 14.1 18.3 18.3 19.0 24.9 16.9 23.3 24.2 22.6 26.7
Ce 39.7 35.7 32.2 44.0 44.1 45.8 56.2 41.2 56.3 57.9 53.5 62.9
Pb 5.57 5.50 5.25 7.94 7.82 8.50 7.61 9.95 10.7 10.0 13.4
Nd 24.6 21.2 20.0 27.0 26.8 27.7 33.4 25.0 33.7 34.5 32.0 35.1
Sr 388 430 407 397 418 339 357 198
Sm 5.98 4.96 4.80 6.34 6.28 6.48 7.76 5.87 7.81 8.00 7.43 7.81
Hf 4.50 3.63 3.30 5.09 5.31 5.65 6.84 4.82 7.13 7.39 6.23 8.47
Eu 1.57 1.46 1.44 1.62 1.60 1.62 1.85 1.66 1.84 1.96 1.85
Gd 5.73 4.75 4.60 5.95 5.99 6.51 7.14 5.55 7.24 6.82 6.68
Dy 5.79 4.72 4.74 6.08 6.05 6.32 7.21 5.61 7.38 7.20 7.60
Er 3.50 2.83 2.89 3.65 3.65 3.81 4.37 3.42 4.45 4.60 4.47 4.89
Yb 3.27 2.65 2.69 3.44 3.44 3.61 4.11 3.26 4.21 4.35 4.22 5.00
Lu 0.459 0.389 0.389 0.504 0.506 0.532 0.585 0.468 0.606 0.632 0.742
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Table 4
O–Sr–Nd–Hf–Pb (double spike) isotope data of Mutnovsky and Gorely lavas and Sr–Nd–Pb (conventional) Kamchatka]! Pacific altered oceanic crust (K-AOC)

Sample Rock d18Ocpx d18Ocpx d18Ool
87Sr/86Sr 2SE 143Nd/144Nd 2SE 176Hf/177Hf 2SE 206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE

No. Type Meas. Calc. Meas. TIMS ppm MC-ICP-MS ppm MC-ICP-MS ppm MC-ICP-MS MC-ICP-MS MC-ICP-MS

Mutnovsky

N72 B 0.703327 10 0.513047 18 0.283197 8 18.375 0.0031 15.512 0.0031 38.151 0.0031
N75 B 0.703333 10 0.513062 16 0.283253 10 18.357 0.0027 15.505 0.0029 38.117 0.0029
N73 B 5.44 4.94 0.703363 10 0.513070 24 0.283239 14 18.374 0.0031 15.511 0.0030 38.148 0.0033
N71 B 0.703307 9 0.513071 20 0.283220 10 18.372 0.0027 15.512 0.0027 38.148 0.0028
N74 B 5.48 4.98 0.703336 10 0.513063 22 0.283258 9 18.376 0.0025 15.512 0.0028 38.153 0.0028
N79 BA 0.703228 8 0.513059 16 0.283268 11 18.344 0.0025 15.503 0.0027 38.102 0.0026
N94 B 0.703318 8 0.513080 20 0.283274 8 18.375 0.0021 15.512 0.0022 38.148 0.0022
N78 BA 0.703237 10 0.513062 18 — — 18.357 0.0024 15.508 0.0025 38.126 0.0024
N98 BA 0.703335 10 0.513070 20 — 18.363 0.0027 15.505 0.0029 38.123 0.0027
N77 A 0.703302 9 0.513070 14 0.283254 10 18.372 0.0031 15.511 0.0031 38.145 0.0031

Gorely

N69 B 0.703164 9 0.513043 18 0.283214 11 18.341 0.0024 15.502 0.0025 38.091 0.0024
N87 BA 5.35 0.703231 9 0.513049 16 0.283212 9 18.347 0.0025 15.503 0.0026 38.102 0.0025
N89 BA 5.13 0.703234 8 0.513040 16 0.283203 10 18.343 0.0027 15.502 0.0028 38.096 0.0028
N88 BA 0.703282 8 0.513034 16 0.283214 11 18.346 0.0028 15.505 0.0031 38.108 0.0029
N67 BA 0.703236 7 0.513057 14 0.283198 10 18.349 0.0029 15.504 0.0028 38.107 0.0028
N84 BA 5.28 0.703228 8 0.513057 14 0.283203 9 18.346 0.0027 15.503 0.0028 38.103 0.0027
N55 BA 5.31 0.703211 9 0.513049 14 0.283217 10 18.346 0.0030 15.503 0.0032 38.104 0.0031
N90 BA — — 0.513055 14 0.283211 13 18.348 0.0028 15.504 0.0029 38.106 0.0028
N80 BA 0.703208 8 0.513066 12 0.283211 10 18.348 0.0027 15.505 0.0034 38.107 0.0039
N60 TA 0.703234 9 0.513062 14 0.283202 10 18.348 0.0028 15.504 0.0029 38.106 0.0028
N86 TA 0.703231 8 0.513042 16 0.283208 10 18.350 0.0031 15.505 0.0038 38.110 0.0045
N82 T — — 0.513049 14 0.283213 9 18.347 0.0024 15.505 0.0024 38.105 0.0026
N58 R 0.703271 10 0.513059 14 0.283203 9 18.339 0.0027 15.503 0.0031 38.095 0.0031

K-AOC TIMS TIMS TIMS TIMS TIMS
881 AM 0.702430 5 0.513249 2 — — 17.988 0.0010 15.3792 0.0010 37.311 0.0030
6539-4 AM 0.703851 5 0.513187 1 — 18.224 0.0030 15.4157 0.0030 37.612 0.0070
D210-1 AM 0.703477 5 0.513160 2 — — 18.289 0.0020 15.3974 0.0020 37.598 0.0050

Abbreviations: B, basalt; BA, basaltic andesite; A, andesite; TA, trachyandesite; T, trachyte; R, rhyolite; AM, altered MORB.
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Fig. 2. Major and minor element and O–Sr-isotope composition of Mutnovsky (VF) and Gorely (RA) lavas ranging from basalt to rhyolite illustrating the
role of fractional crystallisation and crustal contamination. Data sources are: Subdivision lines in the TAS and SiO2 vs. FeO/MgO diagrams (a and b) (Le
Maitre et al., 1989; Arculus, 2003), MORB (Sun and McDonough, 1989; Harmon and Hoefs, 1995). Abbreviations in the TAS diagram (a) are: B, basalt;
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Geochemical evidence for the onset of slab surface sediment melting 461
ment concentrations mostly similar to or higher than nor-
mal mid-ocean ridge basalts (N-MORB) (Fig. 4). Mutnov-
sky and Gorely lavas generally show an enrichment of
fluid-mobile elements (e.g., Cs, Tl, Rb, Ba, W, U, K, Pb,
Sr, Sb and Li) relative to those that are less fluid-mobile
or immobile (e.g., Th, Nb, Ta, REE, Mo, P, Sn, Zr, Hf,
Ti and Y) although Gorely lavas exhibit higher concentra-
tions in both fluid-mobile and -immobile elements. Basaltic
lavas (basalts and basaltic andesites) from Mutnovsky gen-
erally have higher or more variable inter-element ratios in
which the element in the numerator is more fluid-mobile
than that in the denominator despite similar incompatibil-
ities in basaltic melts during partial melting and fractional
crystallisation, e.g., Cs/Th (M = 0.13–0.40, G = 0.12–0.27),
Rb/Th (M = 11.5–18.1, G = 12.4–13.8), Ba/Th (M = 385–
744, G = 190–306), U/Th (M = 0.42–0.56, G = 0.38–0.41),
Pb/Ce (M = 0.18–0.32, G = 0.16–0.20), Sr/Nd (M = 25–
50, G = 14–29) (Fig. 3). As to less fluid-mobile or -immo-
bile elements, Mutnovsky lavas have lower inter-element
ratios than Gorely lavas, e.g., Th/Nb (M = 0.21–0.41,
G = 0.36–0.50), Th/Hf (M = 0.15–0.34, G = 0.42–0.55),
La/Yb (M = 1.6–3.5, G = 4.4–4.8), Zr/Hf (M = 31.2–
38.3, G = 38.8–40.7), Hf/Yb (M = 0.61–0.93, G = 1.1–
1.4). Mafic Mutnovsky lavas have negative anomalies for
Zr and Hf (Zr/Zr* = 0.58–0.79, Hf/Hf * =
0.69–0.81) ½Zr=Zr� ¼ ZrNch=ðNd2=4

Nch � Sm2=4
NchÞ;Hf=Hf� ¼

HfNch=ðNd1=4
Nch � Sm3=4

NchÞ�, and weak negative Ti-anomalies,
whereas most Gorely lavas have less pronounced
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Zr–Hf-anomalies ranging from slightly negative to positive
(Zr/Zr* = 0.83–1.07, Hf/Hf* = 0.83–1.06) and strong
negative Ti-anomalies (Fig. 4). Correlations of Zr–Hf-
anomalies with Eu-anomalies, Sr/Nd and Sc as observed
for Gorely (but not for Mutnovsky) lavas (e.g., Fig. 3j
and k) strongly suggest that Zr/Zr* and Hf/Hf * above
0.83 (i.e., higher than for the most mafic sample N69) result
from combined plagioclase and clinopyroxene fractional
crystallisation.

3.2. Stable and radiogenic isotope data

Oxygen isotope ratios were determined for olivine (Mut-
novsky, n = 2) and clinopyroxene (Gorely, n = 3) sepa-
rates. d18Ocpx values can be calculated from d18Ool by
d18Ocpx = d18Ool + 0.5& assuming a melt temperature of
�1200 �C (Eiler, 2001). The measured d18Ool of the two
Mutnovsky samples (4.94& and 4.98&) thus correspond
to d18Ocpx of 5.44& and 5.48&, which is slightly lower
than the range of d18O reported for glass (5.57–6.43&)
from Mutnovsky basalts to andesites (Bindeman et al.,
2004). The measured d18Ocpx of the three Gorely samples
(5.13–5.35&) are slightly higher than d18Ocpx (4.44&)
reported for a dacite from Gorely (Bindeman et al.,
2004). The Mutnovsky and Gorely d18Ocpx thus tend to
be slightly lower than MORB (5.7 ± 0.2) (Harmon and
Hoefs, 1995) (Figs. 2k, 3l and m).

As to radiogenic isotope ratios Mutnovsky basalts to
andesites tend to have higher 87Sr/86Sr and 143Nd/144Nd ra-
tios (0.703228–0.703363; 0.513047–0.513080) than Gorely
basaltic andesites to rhyolite (0.703208–0.703282;
0.513034–0.513066) (Fig. 5a). The Sr-isotope ratios of
Mutnovsky and Gorely lavas are significantly higher than
Pacific and Indian MORB glass samples, while the Nd-iso-
tope ratios, however, fall between the averages for Pacific
and Indian MORB. As illustrated in Fig. 5b, most Mut-
novsky lavas have higher 176Hf/177Hf ratios (0.283197–
0.283274) than Gorely lavas (0.283198–0.283217) that have
a more homogenous Hf-isotopic composition. In the Nd–
Hf-isotope space, the samples from both volcanic centres
plot above the averages for both Indian and Pacific MORB
but within the Indian MORB field (Fig. 5b).

In the uranogenic and thorogenic Pb-isotope diagrams
most Mutnovsky basalts to andesites have higher Pb-iso-
tope ratios (206Pb/204Pb = 18.344–18.376, 207Pb/204Pb =
15.503–15.512, 208Pb/204Pb = 38.102–38.153) than Gorely
basalts to rhyolites that exhibit a much narrower range in
Pb-isotopic composition (206Pb/204Pb = 18.339–18.350,
207Pb/204Pb = 15.502–15.505, 208Pb/204Pb = 38.095–38.110)
(Fig. 6a–f). Despite the very limited range in 206Pb/204Pb
(18.34–18.38) and the large range in major and trace
element contents, the Pb-isotope ratios of Mutnovsky
and Gorely form a remarkably well-defined positive corre-
lation above but slightly steeper than the Northern
Hemisphere Reference Line (NHRL) with r2 better than
0.91 and 0.98, respectively (henceforth MG-array defined
by the basaltic samples). The samples fall within the field
for Indian MORB glass and plot above the field for Pacific
MORB glass in the thorogenic Pb-isotope diagram
(Fig. 6b). 206Pb/204Pb ratios do not correlate well with
O–Sr–Nd–Hf-isotope ratios but Mutnovsky samples with
the highest 206Pb/204Pb ratios also tend to have the highest
87Sr/86Sr and 143Nd/144Nd.

4. Discussion

4.1. Crustal contamination

In order to examine the role of crustal contamination in
the petrogenesis of the Kamchatkan arc lavas, we analysed
the trace element and isotopic composition of the samples
covering a large range in major element concentrations
(e.g., SiO2 = 49.1–76.8 wt% and MgO = 0.3–9.2 wt%)
ranging from basalt to rhyolite. Despite their large varia-
tion in major and trace element concentrations and inter-
element ratios Mutnovsky and Gorely lavas only show a
very restricted range of O–Sr–Nd–Hf–Pb-isotopic compo-
sitions (Figs. 2–6). Oxygen isotope ratios tend to be lower
than MORB (Figs. 2k, 3l and m), which may result from
limited O-exchange with a low-d18O component in the
course of near-surface processes related to the last glacia-
tion of Kamchatka (e.g., involving meteoric water) or by
re-melting of hydrothermally altered igneous crust (Bind-
eman et al., 2004). However, the absence of correlations be-
tween oxygen isotope ratios and major and trace elements
and inter-element ratios (e.g., Figs. 2k, l and 3l, m) reflect
that the budgets of major and trace elements and their
radiogenic isotope ratios were not altered to a detectable le-
vel and therefore significant re-melting of altered basement
material is very unlikely. This is consistent with the most
evolved samples [(trachy-)andesites, trachytes and rhyo-
lites] having Sr–Nd–Hf–Pb-isotopic compositions almost
indistinguishable from the mafic lavas of the same volcanic
centre (Table 4) and Sr–Nd–Hf-isotope ratios showing no
correlations with major and trace elements and their ratios
(e.g., Figs. 2l and 3n).

The Mutnovsky and Gorely samples form well-defined
arrays in Pb-isotope diagrams (Fig. 6), for which the
goodness-of-fit value of the linear regression is slightly
better when non-basaltic samples are excluded. During
substantial crustal assimilation it is impossible to maintain
such a well-defined array subparallel to the NHRL with
VF basalts having more radiogenic compositions than
the RA basalts. However, since evolved samples appear
to introduce some minor scatter to the Pb-isotope array,
slight assimilation of crustal material cannot conclusively
be excluded for some of the more evolved lavas but is in-
ferred to be negligible for the basaltic samples. Crustal
contamination, however, is also unable to explain the sys-
tematic shift in basalt geochemistry from the VF to the
neighbouring RA volcanoes as observed throughout
Kamchatka and other Pacific subduction zones and there-
fore must reflect processes operating in the Earth’s
mantle.
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4.2. Mantle processes

4.2.1. The mantle wedge

Based on melt inclusion studies in olivine phenocrysts
of Kamchatkan arc lavas, the mantle wedge beneath the
Kamchatkan arc is relatively hot (�1275 �C at a pressure
of �1.5 GPa) and close to its dry solidus (Portnyagin
et al., in press). These conditions are apparently due to
mantle upwelling most likely caused by trench-upward
mantle wedge corner flow and favour extensive partial
melting in the presence of even small amounts of H2O
from hydrous fluids and melts in the spinel stability field
in the Kamchatkan mantle (Portnyagin et al., in press).
Under such circumstances hydrous phases such as phlog-
opite and amphibole are highly unlikely to be stable in the
melting region of the Kamchatkan arc magmas and, as
none of the lavas appear to be boninites, there is no rea-
son to assume that the mantle wedge peridotite has a
strongly depleted, i.e., harzburgitic, composition. This is
consistent with Mutnovsky and Gorely lavas showing
largely the same range of near-chondritic (17.6) (Sun
and McDonough, 1989) Nb/Ta ratios (M = 14.7–18.9,
G = 15.4–18.4) that are only fractionated significantly to-
wards lower values in the mantle wedge for extreme
depletion (Class et al., 2000; Münker et al., 2004). There-
fore, in the melting region beneath Mutnovsky and Gorely
the mantle wedge most likely consists of spinel-facies
lherzolite.

The concentrations of relatively fluid-immobile, incom-
patible elements are useful to examine the depletion or
enrichment of a magma source. If normalised to fertile
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MORB mantle (Pearce and Parkinson, 1993) (Fig. 7a), the
patterns of Mutnovsky and Gorely lavas scatter around N-
MORB but a systematic difference exists for the very highly
to highly incompatible elements Nb, Zr, (Hf), Ti, Y and
Yb. The range observed for the mafic Gorely lavas can
partly be explained by substantial Rayleigh fractional crys-
tallisation (Fig. 7a) but this process cannot account for the
higher trace element levels of the most mafic Gorely lava
(N69) compared to the mafic Mutnovsky samples with low-
er MgO contents.
The most mafic lavas from Mutnovsky fall slightly be-
low N-MORB arguing that they were derived from a mild-
ly depleted MORB-like mantle source. Ti, Y and Yb
contents are a bit lower for Mutnovsky than for Gorely la-
vas suggesting that the mantle source beneath Mutnovsky
is slightly more depleted than that beneath Gorely. This
is consistent with Mutnovsky lavas plotting along a deple-
tion trend in the Zr/Hf versus Lu/Hf diagram (Fig. 7b) and
Zr/Hf ratios below N-MORB. The Mutnovsky samples are
located at the low-Zr/Hf, high-Lu/Hf tip of the Indian and
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Pacific MORB field suggesting that the Zr, Hf and the
HREE-budget of the mantle wedge beneath the VF was
not significantly perturbed by the slab component consis-
tent with what was proposed for the Kamchatkan VF
based on a high-precision HFSE study (Münker et al.,
2004).

The most mafic Gorely samples generally have normal-
ised Ti, Y and Yb contents similar to or slightly below N-
MORB and Nb and Zr concentrations above (Fig. 7a)
coupled with elevated Zr/Hf and relatively low Lu/Hf
(Fig. 7b). Lower Yb concentrations and Lu/Hf ratios
may result from the retention of the HREE by residual
garnet and high-pressure clinopyroxene for which the
HREE are compatible on the spinel lherzolite solidus
(Blundy et al., 1998; Münker et al., 2004). Melt inclusion
studies of Mutnovsky and Gorely lavas infer melting in
the spinel stability field (Portnyagin et al., 2005) indicat-
ing that lower Lu/Hf and generally higher element/Yb ra-
tios of Gorely lavas (Figs. 3g, 4b and 7b) may either be
due to higher proportions of high-pressure clinopyroxene
and thus higher average melting depths in the mantle
wedge (Blundy et al., 1998; Münker et al., 2004) or, alter-
natively, residual garnet in the source of the Gorely slab
component. In the Zr/Hf versus Lu/Hf diagram, Gorely
lavas plot within the field for northwestern Pacific sedi-
ments (NWPS), indicating that fluid-immobile inter-ele-
ment ratios are not controlled by processes in the
mantle wedge alone and may partly be due to the injec-
tion of a slab component capable of mobilising fluid-im-
mobile elements. If this is correct, then the HFSE
behaviour switches from conservative to non-conservative
in the VF to RA transition, which may happen when
slab-derived hydrous melts rather than fluids alone are in-
volved in the production of the slab component (Pearce
and Parkinson, 1993; Pearce and Peate, 1995).

4.2.2. Nature of the slab component(s)

Hydrous fluids and melts released from subducting oce-
anic lithosphere are main constituents of arc magmatism
(Gill, 1981; Thorpe, 1982; Hawkesworth et al., 1993;
Pearce and Peate, 1995; Stern, 2002). These slab compo-
nents transport an array of fluid-mobile and fluid-immobile
incompatible elements altering the mantle wedge composi-
tion from a MORB-type towards subduction zone geo-
chemical signature. Inter-element ratios with fluid-mobile
and -immobile elements are therefore particularly useful
to elucidate whether an element behaves conservative or
non-conservative and thus the nature of a slab component
(e.g., fluid or melt) beneath a given volcanic centre. It was
stressed recently that arc magmas inherit their Th/La and
Th/Ce (and thus Th/Nd) from subducted sediments and
it was estimated that �30% of the Th in subducted sedi-
ments is recycled back to the crust with arc magmas (Haw-
kesworth et al., 1997; Plank, 2005). Sediment dehydration
and melting experiments and comparison of mineral-melt
and mineral-fluid partition coefficients argue that Th is
more readily incorporated into silicate melts than hydrous
fluids and therefore becomes mobile at the sediment solidus
(Brenan et al., 1995; Johnson and Plank, 1999). Hence, Th/
LREE ratios may constitute almost diagnostic inter-ele-
ment ratios for distinguishing between hydrous fluid and
melt involvement.

Compared to Gorely RA basaltic lavas, the Mutnovsky
VF samples have lower Th/Nd and generally higher inter-
element ratios in which the numerator element is more flu-
id-mobile than that in the denominator (e.g., Cs/Nb, Ba/
Nb, Ba/Th, Pb/Nd, Pb/Ce, Sr/Nd and Sb/Nb) (Figs. 3f,
h and 8). This strongly argues in favour of a slab compo-
nent mainly consisting of hydrous fluid triggering extensive
partial melting beneath the VF (Mutnovsky). Based on
these inter-element ratios alone it cannot be distinguished
whether the fluids stem from subducted northwestern
Pacific sediments (NWPS) or AOC or any mixture thereof.
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As illustrated in Fig. 8, Gorely RA lavas have elevated
Th/Nd pointing to the recycling of incompatible elements
from subducted sediments with hydrous melts. Elevated
Th/Nd are generally coupled with relatively low Cs/Nb,
Ba/Nb, Ba/Th, Pb/Nd, Pb/Ce, Sr/Nd, Sb/Nb and lower
143Nd/144Nd confirming that hydrous fluids alone are un-
able explain the geochemical composition of the Gorely
RA lavas. Elevated Th/Nd are also linked to high Zr/Hf
supporting the idea that subducted sediments are capable
of altering the Zr/Hf ratios in the melting region of RA vol-
canoes as inferred in Fig. 7b. If this is correct, then the sed-
iment melts were most likely generated in the absence of
residual zircon in the metasediments since zircon has
DZr>DHf (Blundy and Wood, 2003; Tollstrup and Gill,
2005) and would therefore lead to melt Zr/Hf ratios lower
than those of the bulk sediment composition (Fig. 8f).

Finally, it is worth noting that some basaltic Mutnovsky
samples have an intermediate trace element composition
between the group of mafic Mutnovsky samples with the
lowest Th/Nd and Gorely volcanic rocks. The geochemical
affinity of some of the Mutnovsky samples to Gorely lavas
is independent of the degree of differentiation and may
therefore indicate the occasional injection of a RA hydrous
melt component to regions of the adjacent VF mantle
source, probably caused by trench-ward mantle wedge cor-
ner flow.

4.2.3. Estimating the trace element compositions of the

slab components

The trace element compositions of the slab components
(hydrous fluids or fluid-melt mixture) in the Mutnovsky
and Gorely magmas can be calculated with a simple two-
component mass balance and by using adequate estimates
for (1) the composition of their respective primary melts,
(2) the composition of the mantle wedge and (3) the mass
fraction of the slab component in the solid mantle prior
to melting. The compositions of the Mutnovsky and Gore-
ly primary melts were reversely modelled from the their



Table 5
Modelling endmembers and results for the slab component trace element and isotopic composition

Kamchatkan Bulk partition Mutnovsky Gorely

Mantlea,d Coefficientsa Primitive meltb Arc mantle Slab input Slab component Primitive meltc Arc mantle Slab input Slab component
for Xsc = 1%e For Xsc = 1%e

(ppm) (ppm) (ppm) % (ppm) (ppm) (ppm) (%) (ppm)

Rb 0.05 0.0001 2.55 0.46 89 40.7 12.65 1.31 96 126
Ba 0.563 0.00012 91.4 16.4 97 1581 249 25.7 98 2519
Th 0.0079 0.001 0.17 0.03 74 2.27 0.92 0.10 92 8.80
U 0.0032 0.0011 0.09 0.02 80 1.30 0.35 0.04 91 3.33
Nb 0.1485 0.0034 0.72 0.131 0 �1.61 2.54 0.270 45 12.3
Ta 0.0096 0.0034 0.04 0.007 0 �0.22 0.14 0.015 36 0.54
La 0.192 0.01 2.90 0.54 65 35.3 8.34 0.94 79 74.6
Ce 0.55 0.022 8.01 1.58 65 103 20.8 2.56 79 201
Pb 0.018 0.014 2.26 0.43 96 41.3 3.38 0.392 95 37.4
Nd 0.581 0.031 6.77 1.38 58 80.9 13.9 1.82 68 125
Sr 7.664 0.025 334 66.7 89 5912 398.26 50.1 85 4248
Sm 0.239 0.045 2.02 0.44 45 20.0 3.5 0.50 52 26.6
Zr 5.082 0.033 34.1 7.03 28 200 83.63 11.1 54 608
Hf 0.157 0.035 1.03 0.21 27 5.85 2.15 0.29 46 13.4
Eu 0.096 0.05 0.71 0.16 39 6.12 1.07 0.16 39 6.35
Gd 0.358 0.056 2.23 0.50 29 14.7 3.45 0.53 32 17.5
Dy 0.505 0.079 2.47 0.60 16 10.2 3.39 0.59 14 9.04
Y 3.328 0.088 14.4 3.63 8 33.1 19.65 3.58 7 28.6
Er 0.348 0.097 1.45 0.38 7 3.05 1.93 0.37 5 2.27
Yb 0.365 0.115 1.40 0.38 5 2.14 1.86 0.38 5 2.26
Lu 0.058 0.12 0.209 0.06 0 0.06 0.275 0.06 0 0.06

87Sr/86Sr 0.702750 0.703317 0.703390 0.703164 0.703238
143Nd/144Nd 0.513100 0.513059 0.513030 0.513043 0.513017
176Hf/177Hf 0.283275 0.283208 0.283031 0.283214 0.283143
206Pb/204Pb 17.760 18.374 18.400 18.341 18.369
207Pb/204Pb 15.370 15.512 15.518 15.502 15.508
208Pb/204Pb 37.360 38.150 38.184 38.091 38.126

See main text for details.
a Depleted MORB mantle trace element composition and bulk partition coefficients Irom Workman and Hart (2005).
b Average of primitive melts calculated from N71 and N72.
c Calculated from N69.
d Pb-isotopic composition from Portnyagin et al. (2005), Sr–Nd–Hf-isotopic composition estimates from the Sr–Nd–Hf-isotope diagrams in this paper.
e Mass fraction of the slab component in the solid mantle prior to melting.
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DMM (Workman and Hart, 2005).
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most mafic lavas with the aid of Petrolog 2.0 (DanyuShevs-
ki, 2003) software by olivine addition until the melts where
in equilibrium with Fo91 (Table 5). A recent estimate for
average depleted MORB mantle (DMM) (Workman and
Hart, 2005) provides constraints for the unmodified mantle
wedge composition. Comprehensive O-isotope studies ar-
gue for a slab component contribution of �1% to the mag-
ma source of most arc lavas (Eiler et al., 2000).

The slab component was then calculated using the
equation:

½Ci
SC

M;G � X SC þ Ci
DMM � ð1� X SCÞ�=Ci

prim: melt
M;G

¼ Di þ F M;G � ð1� DiÞðsolved for CSC
M;GÞ

in which Ci
SC

M;G, Ci
DMM and Ci

prim: melt
M;G are the concentra-

tions of an element i in the slab component, depleted
MORB mantle and the primary melts, respectively (M
and G refer to the Mutnovsky and Gorely case, respective-
ly). XSC was assumed to be 1% based on the O-isotope
studies of arc lavas (Eiler et al., 2000). Di is the bulk parti-
tion coefficient of an element i for spinel-facies MORB
mantle melting (Workman and Hart, 2005). The degrees
of partial melting (FM, G) beneath the Mutnovsky and
Gorely volcanic centres were calculated from the Lu con-
tent of the estimated primary magma compositions using:

CLu
DMM=CLu

prim: melt
M;G ¼ DLu þ F M;G � ð1� DLuÞ

ðsolved for F M;GÞ

This equation can be derived from the previous one by
assuming that Lu behaves perfectly conservative and there
is no slab contribution (hence XSC = 0) consistent with
what was proposed for the behaviour of Lu in subduction
zones (Münker et al., 2004). The approach suggests �18%
and �10% degrees of partial melting for Mutnovsky and
Gorely, respectively, which is largely consistent with rela-
tive differences in F inferred from melt inclusion studies
(Portnyagin et al., in press). It is worth mentioning that
the choice of the reference fluid-immobile element (e.g.,
Ti instead of Lu) does not significantly affect the results
of the calculations. However, these data allow calculating
the composition of the arc mantle prior to melting
½Ci

ArcM
M;G ¼ Ci

SC
M;G � X SC þ Ci

DMM � ð1� X SCÞ� and from
Ci

ArcM
M;G and Ci

DMM the slab input in percent. The results
are reported in Table 5 and displayed in Fig. 9.

Based on these, major differences for the Mutnovsky
and Gorely slab components (SC) are observed for the ele-
ments Rb, Th, U, Nb, Ta, the LREE and Zr, Hf (Fig. 9a)
for which the Gorely SC shows significantly higher concen-
trations. The contents for the other trace elements, in par-
ticular for the strongly fluid-mobile ones (e.g., Ba, Pb and
±Sr), are fairly similar. However, in both cases the SC con-
tributes with >50% to 98% to the Rb, Ba, Th, U, the
LREE, Pb and Sr incompatible element budget of the arc
magma source with concentrations reaching on the order
of several hundred to several thousand times DMM
(Fig. 9a and b). The Gorely SC also appears to have inject-
ed �40–60% of the Nb, Ta, Zr and Hf to the RA melting
region since the Gorely SC was calculated to have
�12 ppm Nb, �0.5 ppm Ta, �610 ppm Zr and �13 ppm
Hf (Table 5 and Fig. 9b). Together the data argue for a flu-
id-dominated origin of the Mutnovsky SC, eventually
including minor proportions of a melt constituent. The lat-
ter is suggested by minor contents of Th, Zr, Hf (�2.3,
�200, �5.8 ppm, respectively) although the enrichment of
these elements is always relatively small compared to the
nearest fluid-mobile element with similar incompatibility
during mantle melting (Ba, U, Pb, and Sr). As to the Gore-
ly SC significant proportions of a hydrous melt component
have to be involved in order to explain the high and cou-
pled mobility of fluid-mobile and fluid-immobile elements.
The similarities in some of the most fluid-mobile element
concentrations (Ba, Pb, and Sr) and the differences of the
less fluid-mobile or fluid-immobile ones (Th, Nb, Ta,
LREE, Zr, and Hf) suggest that a fluid-component similar
to that in the Mutnovsky SC also plays a substantial role
for the origin of the Gorely SC but is superimposed by
an additional melt constituent. Such a mixed slab flux,
composed of both hydrous fluids and sediment melts, was
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previously proposed for the Kurile RA (Ryan et al., 1995).
Elevated Th/Nd strongly suggest that the melt constituent
stems from subducted sediments (Fig. 8) but the presence
of a background fluid from the AOC is possible and even-
tually even necessary to promote wet partial melting in the
overlying sediment layer. However, sediment melting was
previously suggested for the Aleutian, Kurile, Mariana
and Tonga-Kermadec arcs (Ryan et al., 1995; Elliott
et al., 1997; Turner et al., 1997; Class et al., 2000; George
et al., 2005).

Notably, the slab component contribution of Nd, Sr and
Pb are �60–70%, �85–90% and �95–96%, respectively,
indicating that the SC should have a major influence on
the Nd-isotope ratios and strongly dominate the Sr–Pb-iso-
topic composition of the Mutnovsky VF and Gorely RA
lavas. For Hf there exists a larger difference for the inferred
SC contribution to the Mutnovsky and Gorely magma
sources (�25% and �50%, respectively).

4.2.4. Isotope compositions of the slab components

Assuming a simple two-component mass balance, only
the mantle wedge and the slab component are governing
the isotopic composition of the arc basalts and their mantle
sources. The compositions of the Mutnovsky and Gorely
slab components can be calculated using the following
equation that is based on the general mixing equation
(Langmuir et al., 1978):

Ri
SC

M;G ¼ ðRi
ArcM

M;G � Ri
KamM � ð1� X SCÞ � Ci

DMM=Ci
ArcM

M;GÞ
=ðX SC � Ci

SC
M;G=Ci

ArcM
M;GÞ;

where Ri refers to the isotopic composition of the mixture
(ArcM) and the respective endmembers (slab component,
SC, and Kamchatkan mantle wedge, KamM) of a given
element i. Ri

ArcM
M;G is then identical to the isotopic compo-

sition of the Mutnovsky (average of N71 and N72) and
Gorely (N69) lavas that were also used to calculate the
trace element composition of the slab component. For
RPb

KamM we chose the estimated Pb-isotopic ratios for the
northern Kamchatkan mantle wedge (NK-MW in Fig. 6)
(Portnyagin et al., 2005), whereas RSr

KamM ;R
Nd
KamM and

RHf
KamM where estimated from the systematics in the

Sr–Nd- and Nd–Hf-isotope diagrams (Fig. 5).
As illustrated in Figs. 5 and 6, the differences of the

Sr–Nd–Pb-isotopic compositions of the Mutnovsky and
Gorely slab components are, naturally, comparable to the
differences of the respective lavas. The Mutnovsky SC thus
has higher 87Sr/86Sr and 143Nd/144Nd than the Gorely SC
consistent with the injection of a SC dominated by hydrous
fluids, and respectively, a SC containing substantial pro-
portions of a melt component. However, the calculated
Sr–Nd-isotopic compositions of the slab components de-
pends on the choice of the isotopic composition of the
mantle wedge, which so far is not very well constrained
for Kamchatka. As indicated by Sr–Nd–Hf-isotope sys-
tematics, neither average Indian nor Pacific MORB consti-
tute adequate end-members to explain the isotopic
composition of all southern Kamchatkan lavas. For the
Sr–Nd–Hf-isotope diagrams we therefore chose a mantle
wedge composition consistent with the lava geochemistry
of both the Kamchatkan and Izu Bonin subduction zones
(including the Izu Bonin back-arc basin) (Taylor and Nes-
bitt, 1998; Pearce et al., 1999), thereby assuming that the
mantle wedge composition is fairly similar for the western
Pacific subduction zones. Better constraints are available in
the Pb-isotope space. Here the slab components both fall
on the well-defined MG-array in the Pb-isotope diagrams
because the Kamchatkan mantle wedge composition
(NK-MW), inferred independently from this study (Port-
nyagin et al., 2005), plots very close to the unradiogenic
end of this array (Fig. 6a and b). Thus the Pb-isotope sys-
tematics strongly argue for a common origin of the radio-
genic endmember in the volcanic front and rear-arc of
Kamchatkan subduction zone, whereas the trace element
systematics suggest different modes of element mobilisation
(fluid versus melt) from the subducted oceanic lithosphere.

4.2.5. Provenance of the slab components

The uranogenic and thorogenic Pb-isotope arrays
formed by the Mutnovsky and Gorely basaltic lavas only
require two endmembers: (1) an unradiogenic reservoir
such as the mantle wedge most likely represented by the
NK-MW (Portnyagin et al., 2005) and (2) a radiogenic
component. The latter can either be represented by sub-
ducted northwestern Pacific sediments or by a mixture of
subducted sediments and altered oceanic crust. Notably,
mixing lines between these two reservoirs intersect the
MG-basalt Pb-isotope array (Fig. 6) suggesting that Pb
comes both from sediments and AOC rather than from
subducted sediments alone. The subducted sediment reser-
voir is here represented by the average Kamchatkan sub-
ducted sediment column (KSSC) composed of 70%
northwestern Pacific sediments (NWPS) and 30% volcanic
ash drilled offshore Kamchatka as outlined in Appendix B
in order to take into account the accumulation of volcanic
ash in the upper 150 m of the sediment pile. As AOC we
consider both Kamchatkan altered oceanic crust (K-
AOC) (Tables 2 and 4) and WP-AOC drilled offshore the
Izu Bonin arc (Hauff et al., 2003) the former of which is
more unradiogenic than the latter. The intersections of
the KSSC-AOC mixing lines (assuming simple bulk mix-
ing) with the MG-basalt array indicates on the order of
5–15% of the Pb coming from subducted sediments and
the remainder from altered oceanic crust. These data along
with weak negative Ce-anomalies (Ce/Ce* down to 0.95)
and the absence of a good correlation of Th/Nd with
143Nd/144Nd for Gorely lavas suggest that the sediment
melt contribution to the slab component is, although sig-
nificant, lower in the Kamchatkan than Mariana and Aleu-
tian arcs (Hole et al., 1984; Elliott et al., 1997; Class et al.,
2000).

The intersection of the KSSC-AOC mixing lines with the
MG-array also provides an estimate of the Pb-isotopic
composition of the slab component by the moment as it
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leaves the slab surface (initial slab component, I-SC).
Remarkably, the I-SC has considerably higher Pb-isotope
ratios than the composition of the slab component in the
melting regions (MR-SC) beneath the Mutnovsky and
Gorely volcanic centres as inferred in the previous chapter.
This discrepancy may arise from the exchange (or extrac-
tion) of fluid-mobile Pb of the mantle wedge with the
I-SC as it rises towards the melting region (leaching of
mantle wedge Pb) as was already proposed in the literature
for Aleutian arc lavas (Miller et al., 1994). Graphically, in
the Pb-isotope diagrams this process would result in a
movement of the slab components downward along the
MG-basalt array from the KSSC-AOC mixing lines to-
wards the mantle wedge composition (indicated by grey ar-
rows in Fig. 6c and d). Based on the geochemical study of
Aleutian lavas the process can account for a substantial Pb-
exchange on the order of 40% (Miller et al., 1994), a pro-
cess that therefore may significantly and progressively alter
the Pb-isotopic composition of the slab component within
several tens of kilometres travel through the mantle wedge.
However, if this process is capable of altering the Pb-bud-
get of the SC to such an extent, then it may also to a similar
level operate for all other strongly fluid-mobile elements
(e.g., B, Li, U, and Sr) and eventually to some degree for
the less fluid-mobile ones too (e.g., Th, Nd), which would
have implications for the interpretations of their isotope
ratios.

4.2.6. Temperature-dependent progressive break-down of

zircon in subducted sediments?
The Mutnovsky lavas show a significantly larger Hf-iso-

tope variation than Gorely lavas despite a similar range in
Nd-isotope composition (Fig. 5b). From a first glance it
might seem as if the unmodified mantle wedge has different
Hf-isotopic compositions beneath Mutnovsky and Gorely,
i.e., that the mantle wedge is, respectively, heterogenous
and homogenous beneath these two volcanic centres. Con-
sidering their relatively small distance of �15 km this is
very unlikely and therefore it should be possible to provide
a geochemical model assuming the same Nd–Hf-isotopic
composition for the unmodified mantle wedge beneath
both volcanic centres.

It was demonstrated recently that accessory residual
phases such as zircon, rutile and monazite can have a
strong influence on the Nd and Hf budget in partial
metasediment melts and hence the curvature of mixing
lines between MORB mantle and sediment melts (Tollstrup
and Gill, 2005). As inferred above, the Mutnovsky and
Gorely slab components involve minor and substantial
amounts of a melt constituent, respectively. Therefore,
the sediment melt constituent rather than the hydrous fluid
in the slab component is likely to govern the Hf element
budget and ultimately the resulting Hf-isotopic composi-
tion of the lavas.

Fig. 5b illustrates a set of mixing curves between a
MORB-type mantle source and a sediment melt constitu-
ent from an eclogite-facies metasediment of KSSC bulk
composition and accessory residual phases such as mona-
zite and zircon. Rutile appears to be absent in the source
of the Gorely SC since Nb and Ta are mobile and do not
indicate fractionation (Table 5). Zircon is also unlikely to
be a residual phase during generation of the metasedi-
ment melt involved in the petrogenesis of the Gorely
lavas. This is inferred from their high Zr/Hf within the
range of bulk NWPS (Fig. 7) and the fact that zircon
has DZr>DHf and therefore a metasediment melt coexis-
ting with residual zircon should have lower Zr/Hf ratio
than the zircon-bearing residue and the bulk sediment
(Blundy and Dalton, 2000; Tollstrup and Gill, 2005)
(Fig. 8f).

For the metasediments beneath the Mutnovsky and
Gorely volcanic centres we assume different degrees of par-
tial melting (1% and 10%, respectively) but the same pro-
portion of monazite (0.01&). It is worth noting that the
curvature of the mixing lines and the position of their tick
marks is primarily governed by the presence of the residual
phases rather than the degree of partial melting. However,
in our approach the amount of zircon was varied: For the
source of the Mutnovsky slab component the zircon con-
tent decreases from 1& through 0.1& and 0.01& to 0&

causing the 0.5–1% tick marks (indicating the mass fraction
of the SC) to move progressively downwards through the
Mutnovsky lava field (Fig. 5b). In other words, the Hf-iso-
topic composition of the Mutnovsky SC is variable and de-
pends on the amount of zircon in the metasediment.
However, it is worth noting that admixture of pure hydrous
fluids with very low Hf/Nd ratio to the mantle wedge
would yield convex-up mixing lines similar to those for
metasediment melting with >0.1& zircon which could also
explain the most radiogenic Hf-isotope ratios of the Mut-
novsky VF lavas but not the least radiogenic 176Hf/177Hf.
The field of mafic Gorely lavas is intersected by the slightly
convex-down mixing line calculated for the absence of
residual zircon but the presence of trace amounts of mon-
azite (0.01&). The Mutnovsky and Gorely lava geochemis-
try and the geochemical modelling results suggest
(progressive) break-down of zircon in the slab surface sed-
iments during increasing slab surface depths for the VF to
RA transition in the southern Kamchatkan arc. As pointed
out by Tollstrup and Gill (2005) this would require slab
surface temperatures high enough for sediments to melt
but not too high (i.e., <�780 �C) to loose zircon as a resid-
ual phase. This is inferred from petrological experiments
relevant for wet subducted slab surface metasediment melt-
ing beneath the VF to RA transition. These show that zir-
con solubility is strongly dependent on temperature and
melt composition rather than pressure and that during par-
tial melting of metacrustal material in a peraluminous
granite system zircon solubility increases from �100 ppm
at 750 �C to �1330 ppm at 1020 �C (Watson and Harrison,
1983).

In summary, our modelling results in the Nd–Hf-isotope
diagram in combination with data from phase diagrams for
metasediments (Schmidt and Poli, 2004) and calculations
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for temperature-dependent zircon solubility (Watson and
Harrison, 1983; Tollstrup and Gill, 2005) therefore indicate
slab surface temperatures of �700–780 �C beneath VF
Mutnovsky and >780 �C beneath RA Gorely. Based on re-
cent models for the thermal structure of active subduction
zones (e.g., southern Kamchatka) this temperature increase
may indeed be expected at the slab surface beneath the VF
to RA transition (van Keken, 2003; Manea et al., 2005;
Peacock et al., 2005).

4.2.7. Gorely melt components in Mutnovsky magmas but

not vice versa

Mutnovsky lavas span a much wider range in Pb-isotope
ratios than those from Gorely volcano (Fig. 6). Intriguing-
ly, the mafic Mutnovsky lavas show correlations of Pb-iso-
tope ratios with incompatible minor and trace element
contents and inter-element ratios (Fig. 10). These correla-
tions are restricted to the basaltic samples with MgO
>4 wt. % for which 206Pb/204Pb systematically increases
with decreasing Rb, Ba, K, P, Zr (XRF), Rb, Ba, Th, U,
Nb, Ta, Zr, La, La, Ce, Pr, Nd, Hf (ICP-MS) and Rb,
Ba, La, Ce, Nd, Pb, Hf (ID) concentrations (r2 P 0.7).
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directly describe this process with such a high resolution,
i.e., for a pair of VF and RA volcanic centres located just
15 km apart (Fig. 1).

4.2.8. Geodynamic model inferred from the thermal structure

of the southern Kamchatkan mantle wedge
A dynamic model displaying the thermal structure of

and material transport in the southern Kamchatkan mantle
wedge was recently presented in the literature (Manea
et al., 2005). The model includes a strongly temperature-de-
pendent mantle wedge viscosity that, in conjunction with
some frictional heating at the interface between the sub-
ducted slab of oceanic lithosphere and the Kamchatkan
lithosphere, leads to relatively high temperatures at the slab
surface ample to promote sediment melting. As illustrated
in Fig. 11, the 800 �C isotherm is predicted to be very close
to the slab surface at depths <�100 km and appears to be
touching or even crossing it at >100 km depth thereby pro-
ducing conditions for wet sediment melting (Schmidt and
Poli, 2004). Here, we should recall that the possible role
of sediment melting in the origin of medium- to low-
FeO/MgO (RA) and other high Ce/Yb lavas in subduction
zone was already proposed more than two decades ago
(Gill, 1981; Thorpe, 1982).
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According to the inferred thermal structure of the south-
ern Kamchatkan subduction zone (Fig. 11), the sediments
most likely pass the temperature range of 650–800 �C at
depths <100 km, whereas the temperature of the underly-
ing MORB layer (AOC) is �100–200 �C lower. These P–
T conditions meet the requirements for flush-melting of
subducted sediments with the underlying and dehydrating
MORB layer providing the required amounts of fluids
through amphibole and chlorite decomposition reactions
(Schmidt and Poli, 2004). At slab surface depths of
>100 km temperatures of �800 �C are then sufficient for
wet metasediment melting according to the reaction pheng-
ite + jadeitic clinopyroxene + H2O) melt. However, the
wet solidus may be enhanced by �100–200 �C if carbonates
are present and in equilibrium with the fluid (Schmidt and
Poli, 2004). It is therefore worth noting that the Kamchat-
kan subducted sediments are silica-rich and hence carbon-
ate-poor due to high proportions of diatomaceous
sediments and clays. Moreover, silicic volcanic ash layers
and vitric shards dispersed in the biogenic and chemical
sediments may further dilute carbonate in the subducted
sediment column, in particular in the upper third of the
northwestern Pacific sediment pile that accumulated dacitic
to rhyolitic volcanic ash (see Appendix B for a summary of
the stratigraphy). Therefore, the silica-rich sediments sub-
ducted beneath the Kamchatka are likely to be molten
more readily than sediments in regions with high carbonate
precipitation and only minor arc-derived volcanic ash pro-
duction/deposition (e.g., immature island arcs).

The Mutnovsky and Gorely lava geochemistry and the
location of the volcanic centres above the subducting slab
is consistent with a transition from dehydration below the
VF to partial melting of the slab surface under the RA.
The thermal structure of the southern Kamchatkan man-
tle wedge and ultimately subducted oceanic lithosphere
(Manea et al., 2005), the P–T conditions for metasediment
and MORB dehydration/melting (Schmidt and Poli, 2004)
as well as the Mutnovsky and Gorely lava chemistry pro-
vide constraints for the size, shape and location of the
melting region. We propose that slab surface partial melt-
ing is restricted to a narrow zone within the metasediment
layer beneath the rear-arc area (Gorely) with the onset of
slab surface partial melting in the region of the volcanic
front to rear-arc transition. While the slab surface sedi-
ments shift from dehydration to melting, the underlying
layer of AOC dominantly only dehydrates providing
aqueous fluids for flush-metasediment melting. Together,
our geochemical study of Mutnovsky and Gorely lavas
confirms the predictions of recent thermal models of ac-
tive subduction zones which has implications for the
understanding of the magma genesis and element cycling
in subduction zones worldwide.

5. Conclusions

Major and trace element and O–Sr–Nd–Hf–Pb (double-
spike) isotope analysis reveal a drastic across-arc shift in
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the geochemical composition of mafic lavas from the volca-
nic front Mutnovsky and rear-arc Gorely volcanic centres
in the active southern Kamchatkan subduction zone. Since
the geochemical shift cannot be explained by fractional
crystallisation and/or crustal contamination it has to result
from differences in mantle processes beneath the two volca-
nic centres. The locations of the volcanoes indicate that the
different processes operate in the vicinity of each other, viz.
within �15 km distance in the transition between the volca-
nic front to the rear-arc region where the slab surface depth
increases from �100 to �120 km.

Based on the lava geochemistry, geochemical modelling
and mass balance calculations, the geochemical shift
mainly results from a combination of two processes oper-
ating in the mantle wedge and at the slab surface. These
are (1) a VF to RA decrease in degrees of partial melting
in the mantle wedge in conjunction with (2) a VF to RA
transition of the nature of the slab component. As to the
latter we propose a shift from dominantly dehydration of
subducted sediments and AOC beneath Mutnovsky (vol-
canic front) to wet partial melting of subducted sediments
beneath Gorely (rear-arc). The VF slab component is in-
ferred to be primarily a hydrous fluid eventually contain-
ing minor amounts of a silicate melt, whereas the RA slab
component involves a hydrous silicate melt. Slab surface
partial melting beneath the RA is interpreted to take
place in a narrow zone within the metasediment layer that
is underlain by dehydrating AOC providing hydrous flu-
ids required for (flush-)melting.

Nd–Hf-isotope systematics indicate that the VF to RA
transition of the slab component may be associated with
progressive break-down of zircon in the melting metasedi-
ments which has a major influence on the Hf-isotopic com-
position of the VF lavas. Pb (double-spike)-isotope and
trace element data provide geochemical evidence for the
pollution of Mutnovsky volcanic front magmas with Gore-
ly rear-arc melt components, most likely resulting from
trench-ward mantle wedge corner flow.

The drastic shift in lava geochemistry and the transition
from slab surface dehydration to melting within �15 km
across-arc confirms recent models for the thermal structure
of active subduction zones predicting higher temperature at
the slab surface than hitherto thought. This study implies
that (flush-)sediment melting may operate at slab surface
depths of 100–130 km at least in subduction zones with
moderate slab angles. Other wider implications of this pa-
per are that there appears to be a higher likelihood for sed-
iment melting in arc systems where the subducted sediment
column is silicate-rich (carbonate-poor) due to high pro-
portions of biogenic siliceous material and the accumula-
tion of arc-derived, siliceous volcanic ash in the upper
section of the subducting sediment column. ‘‘Arc cannibal-
ism’’ should therefore be taken more seriously, e.g., as a
process eventually having a considerable influence on the
dehydration and melting behaviour of subducted sediments
exposed at the slab surface and hence the element cycling in
active subduction zones.
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Appendix A. Analytical techniques

A.1. Samples and sample preparation

Southern Kamchatkan volcanoes were accessed through
joint German-Russian expeditions with cross-country vehi-
cles and helicopters. Sample preparation was performed in
the laboratories of the IFM-GEOMAR Leibniz Institute
for Marine Sciences. The samples were crushed in a steel
jaw crusher and sieved. Rock chips >1 mm were ground
to fine powder in an agate mill and kept for major, trace
and Sr–Nd–Hf-isotopic analysis. Rock chips in the 0.5–
1 mm size fraction were cleaned ultrasonically in de-ionised
water and used for Pb (double-spike)-isotopic analysis.

A.2. Major and trace element analysis

Whole rock geochemical analysis of major (Si, Ti, Al,
Fe, Mn, Mg, Ca, Na and K) and selected trace elements
(Co, Cr, Ni, V, Zn, Nb, Ga, Rb, Ba, Sr, Y and Zr) were
performed on fused glass discs from 36 samples. Elemental
concentrations were determined on a Philips X’unique PW
1480 X-ray fluorescence spectrometer (XRF) at the IFM-
GEOMAR. International reference standards JB-2, JB-3
(basalts), JA-2, JA-3 (andesites), JR-2, JR-3 (rhyolites),
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JG-2, GM (granites) and JF-1 (feldspar) were analysed
along with the samples to evaluate analytical precision
and accuracy. H2O and CO2 contents were determined
using a Rosemont Infrared Photometer CSA 5003. The
XRF major and trace element, H2O and CO2 data are
reported in Table 1.

In addition, concentrations of an array of trace elements
(Li, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo,
Sn, Sb, Cs, Ba, REE, Hf, Ta, W, Tl, Pb, Th and U) were
measured on mixed acid (HF-aqua regia-HClO4) pressure
digests of 250 mg sample powder by inductively coupled
plasma-mass spectrometry (ICP-MS) at the Institute of
Geoscience, University of Kiel, using an Agilent 7500CS
instrument. The precision of analytical results as estimated
from duplicate sample measurements was better than 3%
RSD. Details of the analytical procedure have been de-
scribed in the literature (Garbe-Schönberg, 1993). Blanks
and international standards, BE-N and BHVO-1, were
analysed with the samples in order to evaluate the precision
and accuracy of the measurements. The ICP-MS trace ele-
ment data is presented in Table 2.

A.3. Chemical separation techniques

A.3.1. Isotope dilution analyses

High-precision measurements of Rb, Sr, Ba, REE, Hf,
Pb, Th and U concentrations were performed on 22
samples by means of isotope dilution in the clean and
ultra-clean laboratories of the Geological Institute at the
University of Copenhagen. Samples were processed in
two batches. For the determination of Rb, Sr, Ba and
REE concentrations ca. 70 mg of whole rock powder was
digested in a mixture of hot, concentrated HF-HNO3.
Following dissolution, samples were dried, converted to
chloride form and completely dissolved in 6 M HCl. A
10% split was spiked with mixed 87Rb–84Sr, 135Ba, and
mixed LREE and mixed M-HREE isotopic tracers en-
riched in 138La, 142Ce, 145Nd, 149Sm, 153Eu, 155Gd, 161Dy,
171Yb, 166Er and 176Lu. The remaining, unspiked 90% ali-
quot was kept for chemical separation and isotopic analysis
of Nd. After sample-spike homogenisation, evaporation
and conversion to nitrate, Sr and Ba were extracted using
Sr-Spec resin and 2 M HNO3, 7 M HNO3 and ultra-pure
H2O (Pin et al., 2003). The remaining matrix was passed
over large AG50W-X8 cation exchange columns to sepa-
rate Rb in 2 M HCl. REE were either collected in a
M-HREE and a L-MREE fraction using 4 and 6 M HCl
(Baker et al., 2004), or collected in bulk in 6 M HCl. The
bulk REE fraction was further separated into M-HREE
and L-MREE fractions using miniaturised columns loaded
with 0.3 ml of RE-Spec resin and 3, 1 and 0.02 M HNO3.
For Pb, Th and U isotope dilution analyses, approximately
100 mg of rock chips were leached in cold 2 M HCl for
5–10 min to remove surface contamination and rinsed
thoroughly in ultra-pure H2O. The leached chips under-
went complete dissolution in two digestion cycles using
hot HF-HNO3. After dry-down, the samples were
converted to chloride form and dissolved in 6 M HCl. A
5–10% aliquot was spiked with a mixed 229Th–236U and a
206Pb tracer. The Pb was then isolated from the matrix ele-
ments and U-Th using AG1-X8 anion exchange resin and
1 M HBr and purified with a second pass. U–Th was sepa-
rated from the remaining matrix elements on small
AG50W-X8 cation exchange resin using 7 M HNO3,
ultra-pure H2O and 7 M HCl.

A.3.2. Isotope ratio analyses

Natural Sr-isotope ratios were determined on whole
rock powders that were washed in hot 6 M HCl for 1 h pri-
or to HF-HNO3 dissolution. Sr was separated and purified
by two passes on the Sr-Spec ion extraction resin with 3 M
HNO3 and H2O.

Nd-isotope ratios were determined on the unspiked
�90% aliquot of the solution used for Rb–Sr–Ba–REE iso-
tope dilution analysis (see above). Nd was separated in a
two-step procedure, first separating a bulk REE fraction
from matrix elements on AG50W-X8 cation exchange resin
and using 2 M HCl, ultra-pure H2O, 2 M HNO3 (to elute
Ba), ultra-pure H2O and 6 M HCl. Nd was further separat-
ed from other REE using HDEHP resin and 0.25 M HCl.

Separation of Hf for isotopic analysis was achieved by
flux assisted fusion and dissolution in 2 M HCl followed
by cation exchange and extraction chromatographic sepa-
ration as described in the literature (Ulfbeck et al., 2003).

Pb-isotope analysis was performed on �100 mg of sepa-
rated matrix chips that were acid washed with �4 M HCl
for 1 h on the hotplate and multiply rinsed with ultra-pure
H2O to remove anthropogenic Pb. The samples were
digested in cleaned and capped Savillex PTFE beakers with
a concentrated HF-HNO3 mixture of blank tested SeaStar
ultrapure acids in an ultra-clean Pb-laboratory. Following
evaporation, conversion to chloride and dissolution in 1 M
HBr, Pb was separated and purified by two passes on an
anion exchange resin AG1-X8 100–200 mesh in a Class
100 laminar flow bench (Baker et al., 2004).

A.4. Mass spectrometry and data acquisition

For O isotope analysis at the Royal Holloway College,
separates of olivine and clinopyroxene phenocrysts or frag-
ments thereof were picked under the binocular microscope.
About 1.7 mg ± 10% of each mineral separate or standard
were weighed and loaded into a 16-hole nickel sample tray.
Each tray contains up to 12 sample unknowns, whereas the
other positions are occupied by standards. The tray is
inserted into the reaction chamber and then evacuated
and the oxygen is released by a 30W Synrad CO2 laser in
the presence of BrF5 reagent. The oxygen yield is deter-
mined as a calibrated pressure based on the known or esti-
mated oxygen content of the mineral being analysed.
Accurate yield calculations are essential as low yields result
in low d18O values for all mineral phases. For most miner-
als yields of >90% are required to give satisfactory d18O
values and the oxygen gas is measured using a VG Isotech
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(now GV Instruments) Optima dual inlet isotope ratio
mass spectrometer (IRMS). Oxygen isotope values are
reported relative to Vienna Standard Mean Ocean Water
(V-SMOW) and the data obtained are calibrated using 2
standards, which are a widely distributed standard
(GMG II (Gore Mountain garnet)), supplied by Prof. J.
Valley of the University of Wisconsin, reported value of
5.7&) and an internal standard (San Carlos Olivine (SC
OL)), which has a d18O value of 4.88& determined over
10 years of analysis. Both standards are in turn calibrated
against an international standard (NBS-30 biotite, known
value of +5.1& relative to V-SMOW). Based on the stan-
dard values, for each run a small constant correction, nor-
mally less than 0.5&, is applied to the data. This offset is
caused by variations in quality of the BrF5 reagent and
the performance of the KBr scrubber and molecular sieve
O2 trap. Overall the precision on replicate is reported as
being better than ±0.1&. The oxygen isotope data is
reported in Table 4.

Isotope ratios of samples and sample-spike mixtures
were measured by means of TIMS and MC-ICP-MS at
the Geological Institute, University of Copenhagen. Sr
samples were loaded on Re filaments with TaF5 and dilute
H3PO4 (sandwich loading technique) and run multi-dy-
namically on a VG 54 TIMS. During analysis, mass 85
was monitored to determine contributions from Rb on
mass 87, and this was found to be insignificant (87Rb/
(87Rb + 87Sr) < 100 ppm). Sr isotope ratios were exponen-
tially mass bias corrected using 86Sr/88Sr = 0.1194 as nor-
malising ratio. All samples were analysed under the same
operating conditions and interspersed with certified Sr
standard NBS 987 yielding 87Sr/86Sr = 0.7102347 ± 17
(2SD, n = 12). Long-term reproducibility of 87Sr/86Sr for
NBS 987 is reported to be 25 ppm. Measured Sr isotopic
compositions and analytical uncertainties are reported in
Table 4.

Isotopic analyses of Rb, Sr, Ba Hf, REE, Th and U
separates for isotope dilution and of Nd, Hf and Pb for iso-
topic compositions were performed on an Axiom MC-ICP-
MS in static acquisition mode at the Geological Institute,
University of Copenhagen. All samples were introduced
into the mass spectrometer as dry aerosols by means of a
Cetac desolvating nebuliser operating at a typical uptake
rate of 0.05–0.08 ml/min. Spiked Rb isotopic compositions
were measured using Zr to monitor and correct for mass
fractionation as described in the literature and Rb concen-
trations reproduce to better than 0.5% using this technique
(Waight et al., 2002b). Sr concentrations were determined
using sample-standard bracketing to correct for mass bias.
Reproducibility of Sr concentrations using this method are
reported to be <0.5% (Waight et al., 2002a,b). Spiked Ba
isotopic compositions were determined by sample-standard
bracketing methods using a collector array covering the
mass array mass 135 to mass 140. This allowed for simul-
taneous acquisition of 135Ba (spike isotope), 137Ba and
138Ba, while potential interferences from La and Ce (both
on mass 138) were monitored at masses 139 and 140,
respectively. Ba concentrations of international rock stan-
dards AGV-1, BCR-2 and JB-2 were determined for refer-
ence and agree within error with recommended values
(Table 2). Reproducibility of Ba concentrations as evaluat-
ed by analysis of replicate samples digestions was better
than 0.2%. REE ID analyses were carried out as described
in the literature yielding reproducibilities of 1% on concen-
tration measurements and 0.2% on inter-element ratios
(Baker et al., 2002). The ID data are reported in Table 3.

Hf isotopic analyses were carried out following a pub-
lished procedure (Bizzarro et al., 2003), and unknown sam-
ples were measured relative to an in-house Hf isotopic
standard yielding 176Hf/177Hf = 0.281868 ± 15 (2 SD,
n = 11) and adjusted to 0.281890 corresponding to
176Hf/177Hf = 0.28216 obtained for JMC 475. Nd isotopic
compositions were determined on bulk rock MREE-LREE
fractions using methods as described in the literature
(Luais et al., 1997). Nd isotopic ratios are reported relative
to 143Nd/144Nd = 0.512105 ± 12 (2 SD, n = 12) obtained
for a 200 ppb AMES Nd-standard solution and adjusted
to 0.512130 which corresponds 143Nd/144Nd = 0.51186
for La Jolla. Pb isotopic determinations were performed
using the Pb double-spike technique described in the liter-
ature (Baker et al., 2004). Analytical procedure blanks for
Pb were 630 pg. Nd–Hf–Pb (double-spike) isotope data
are reported in Table 4.

Appendix B. Estimating the average composition of the

Kamchatkan subducted sediment column (KKSC)

B.1. Stratigraphy and lithology

Northwestern Pacific marine sediments were drilled and
sampled on various cruises with research vessels (Bailey,
1993). Some studies focussed on the uppermost 5–15 m of
the sediment column (Ninkovich and Robertson, 1975)
whereas Deep Sea drilling projects recovered marine sedi-
ments from up to�1 km depths reaching upper Eocene sed-
iments (e.g., DSDP Leg 192 and ODP Leg 145, Sites 881
through 884) (Creager et al., 1973). The sediment pile due
east of the Southern Kamchatkan trench, however, was esti-
mated to be �600 m thick (Ninkovich and Robertson,
1975). Based on the stratigraphy, there appears to be a
marked difference in the abundance of volcanic ash layers
throughout the sediment column with clearly higher propor-
tions of volcanic ash in the upper 200 m (Pliocene to present)
(Cao et al., 1995; Creager et al., 1973). This shift in stratig-
raphy, however, was not taken into account in studies aim-
ing at providing constraints on the geochemical composition
of the subducted sediment column for the Kamchatkan arc
(Kersting, 1995; Plank and Langmuir, 1998).

In the upper section of the subducted sediment column
(�150 m corresponding to Pliocene to Present), volcanic
ash material is found in significant amounts (often ca. 5–
20%) as glass-shards and igneous phenocrysts in glass-bear-
ing and glass-rich diatomaceous clays and diatom oozes
(Creager et al., 1973). Numerous volcanic ash layers are



Table 6
Estimated compositions of northwestern Pacific maiine sediments without
volcanic ash layers (NWPS), volcanic ash layers and Kamchatkan
subducted sediment column (KSSC) as outlined in Appendix B

NWPS (only
includes
dispersed ash)

Volcanic ash
layers

KSSC
(30% ash layers)

Rb 59.2 55.3 58.0
Ba 993 530 854
Th 4.77 3.80 4.48
U 2.20 1.47 1.98
Nb 6.27 3.96 5.58
K 19426 20626 19786
La 15.4 13.4 14.8
Ce 33.8 31.5 33.2
Pb 14.3 14.1 14.2
Pr 4.36 —
Sr 215 194 209
Nd 16.6 18.6 17.2
Sm 3.71 4.73 4.02
Zr 115 156 127
Hf 2.86 4.21 3.26
Eu 0.99 1.27 1.07
Ti 4163 3511 3967
Gd 5.26 —
Tb 0.66 0.88 0.73
Dy 5.59 —
Li 31.7 — —
Y 23.4 37.5 27.6
Ho — 1.24 —
Er 3.48 —
Tm — 0.55 —
Yb 2.26 3.78 2.71
Lu 0.33 0.61 0.41

87Sr/86Sr 0.706771 0.703552 0.705873
143Nd/144Nd 0.512635 0.513033 0.512764
176Hf/177Hf 0.283000 0.283223 0.283086
206Pb/204Pb 18.631 18.359 18.550
207Pb/204Pb 15.603 15.505 15.574
208Pb/204Pb 38.619 38.125 38.473
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embedded in these sediments (Creager et al., 1973; Ninko-
vich and Robertson, 1975; Cao et al., 1995) that mainly
consist of vitric shards and microlites of clinopyroxene,
Fe–Ti-oxides, plagioclase and quartz. Their thickness is
generally on the centimetre to decimetre scale but several
single ash layers were found to be 1–2.5 m thick (Ninko-
vich and Robertson, 1975; Cao et al., 1995). Based on
the stratigraphy the proportion of the ash layers is estimat-
ed to be ca. 20–40% (Creager et al., 1973; Cao et al., 1995)
but it may comprise up to �80% in the uppermost 5–15 m
section of the sediment columns (Ninkovich and Robert-
son, 1975). Based on these data, it can be estimated that
volcanic ash in total comprise 25–45% of the upper section
of the subducted sediment column.

The lower section (below the upper 150 m) is marked by
a drastic decrease of the volcanic ash abundance. In this
section, the proportion of volcanic ash in the marine sedi-
ments appears to be <5%. Volcanic ash reappear below the
lower Oligocene but they are altered and partly or com-
pletely turned into palagonite and smectite (Cao et al.,
1995). The volcanic ash layers in the upper and lowermost
sections, however, have fundamentally different geochemi-
cal compositions; mainly dacitic to rhyolitic in the upper
and basaltic andesitic in the lowermost section.

B.2. Inferred geochemical composition

A detailed geochemical study of the ash layers drilled
along the Kamchatkan-Kurile trench shows that the ash
were mainly derived from island arcs rather than hot-spots
or mid-ocean ridges (Cao et al., 1995). The composition of
the ash in the upper 150 m ranges from basaltic andesite to
rhyolite but they fall mostly in the field for dacites to rhy-
olites, have multi-element patterns similar to arc lavas and
generally show pronounced negative Eu-anomalies. Most
of the ash have relatively low Sr-isotope (0.703131–
0.704533) and high Nd-isotope (0.512933–0.513110) ratios
very similar to the lavas from the adjacent Kurile-Kam-
chatkan island arc (Cao et al., 1995; Bailey, 1996; Kepez-
hinskas et al., 1997; Turner et al., 1998; Dorendorf et al.,
2000; Churikova et al., 2001; Bindeman et al., 2004; Mün-
ker et al., 2004). Since the abundance of volcanic ash in
northwestern Pacific marine sediments increases with
decreasing distance from the trench, the bulk Sr-isotope ra-
tios of sediments decrease from >0.7100 in the open ocean
environment (dominated by pelagic sediments with upper
crustal composition) to <0.7065 near the Kurile-Kamchat-
kan trench (Bailey, 1993) thereby approaching the Kurile
and Kamchatkan island arc compositions (87Sr/86Sr =
0.702761–0.706386 and 0.703180–0.703650, respectively).
Interestingly, the Pb-isotope data provided for northwest-
ern Pacific marine sediments are significantly more radio-
genic (206Pb/204Pb = 18.59–18.78) (Kersting, 1995) than
most Kurile and Kamchatkan (206Pb/204Pb = 18.198–
18.043–18.389 and 18.485, respectively) arc lavas (Bailey,
1996; Kepezhinskas et al., 1997; Turner et al., 1998; Doren-
dorf et al., 2000; Churikova et al., 2001; Bindeman et al.,
2004; Münker et al., 2004; GEOROC, 2005) (and this
study). The analysed Pacific sediments are clayey diatom
oozes, claystones and nannofossil chalks and were all sam-
pled between 156 and 800 m below seafloor in the section
of the sediment column in which volcanic ash are scarce.
Therefore, the Pb-isotope data of Kersting (1995) can only
represent a part of and certainly not the entire sediment
column subducted beneath Kamchatka in contrast to what
is proposed in the literature (Plank and Langmuir, 1998).
Pb- and Hf-isotope data of volcanic ash from northwestern
Pacific sediments are not available in the literature but, be-
cause the volcanic ash embedded in the upper section
northwestern Pacific sediments primarily have dacitic and
rhyolitic compositions and Sr–Nd-isotope ratios within
the range of igneous rocks in the Kurile-Kamchatkan arcs,
they can be inferred from the Pb–Hf-isotopic composition
of the andesites, dacites and rhyolites outcropping onshore
in the arcs.

In order to provide an estimate of the mean composition
of the Kamchatkan subducted sediment column (KSSC),
we used the calculated average compositions of the north-
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western Pacific sediments that do not include discrete volca-
nic ash layers (NWPS) and the average composition of the
drilled volcanic ash layers based on the data available in the
literature (Table 6). The major and trace element and Sr–
Nd–Pb-isotopic composition of the NWPS was calculated
from the geometric mean of data for sediments collected
on different cruises in the northwestern Pacific (Vulcano,
Rama, DSPD and ODP) (n = 50) (Bailey, 1993; Kersting,
1995; Bailey, 1996; Bindeman et al., 2004). Since the Pb-iso-
tope ratio of the NWPS endmember is similar to pelagic
sediments and Mn-crusts, the average Hf-isotope ratio
was adjusted to 0.2830 considering the given average Nd-
isotope ratio of 0.512635 to make the Nd–Hf-isotope com-
position fall at the radiogenic edge of the field for pelagic
sediments and Mn-crusts in the Nd–Hf-isotope diagram.
The average major and trace element and Sr–Nd-isotopic
composition of the volcanic ash was calculated from the
geometric mean of the volcanic ash data (n = 124) provided
by Cao et al. (1995). The Pb–Hf-isotopic composition was
inferred from the composition of andesites through rhyo-
lites in the Kurile-Kamchatkan arc (n = 27 and 12, respec-
tively) (Bailey, 1996; Kepezhinskas et al., 1997; Turner
et al., 1998; Dorendorf et al., 2000; Churikova et al.,
2001; Bindeman et al., 2004; Münker et al., 2004; GEO-
ROC, 2005 and this study). The NWPS endmember was
mixed with the volcanic ash average in proportions of
70:30 (Table 6) as based on the stratigraphy and referred
to as the Kamchatkan subducted sediment column (KSSC).
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