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Abstract

The Kurile-Kamchatka Late Cenozoic volcanic rocks can be categorized as magmatic series of
island-arc and within-plate geochemical types, respectively. These types clearly can be identified
on geochemical discriminant diagrams. Across-arc geochemical, mineralogical, and Sr-Nd-
isotope zoning is characteristic of island-arc volcanics, but is not found for within-plate
volcanics. Such zoning probably is the result of modification of fluid-phase composition, which
originates in the underlying subducting plate (as a result of dehydration of water-bearing
secondary minerals) and rises into the zone of island-arc magma generation in the mantle wedge.
Along-arc Sr, Be, H, and 0 isotopic zoning is noted for island-arc volcanics. Probably it is
associated with various levels of island-arc magma contamination.  Be data for modern island-
arc lavas attest to the fact that young pelagic sediments from the subducting plate participate in
island-arc magma genesis.

Within-plate lavas are found in the region north of Avacha Bay. They may precede island-arc
volcanics (East Kamchatka), coexist with them during the latestage of volcanic activity (Central
Range), or be completely unrelated to island-arc volcanics in the far rear arc (West Kamchatka).
The appearance of within-plate lavas probably is connected with deep faults that accompanied
the formation ofthe northern Kurile-Kamchatka trench and the associated new subduction zone
in this part of the island-arc system, an event caused by the accretion of the Kronotskiy terrane
to eastern Kamchatka in Middle Miocene time.

Geologic-Geophysical Features of the Depression, Central Range, and Western (Fig.
Kurile-Kamchatka Island-Arc System 1). The Southern belt is separated from Eastern

by the Malki-Petropavlovskiy transverse fault
THEKURILE-KAMCHATKA island-arc system is P Y
. . zone. Some authors suggest that these belt.
one of the largest arc systems in the NW margin . .
. . together with the Central Depression, are
of the Pacific Ocean, extending more than 12000 . . .
S united into a single structure (the Eastern vol-
km from Hokkaido in the SW to the Kamchatka . . . .
. canic belt), with respect to which the volcanic
Inlet in the NE. The system began to be. formed .
. . . belt of the Central Range occupies a rear or
in the Late Oligocene or Early Miocene, but ..
. . . . leeward position (e.g., Vlasov, 1964). Other
acquired its present configuration only in the . .
. . investigators assume that the Southern belt
Late Miocene-Early Pliocene, when a new

northern branch of the Kurile-Kamchatka represents the northern termination of the
trench was formed fiom the latitude of Avacha Kurile segment, and the belt in NE Hokkaido its
Bay to the Cape Kamchatka Peninsula (Legler southern termination (Shantser and Shapiro.
1977). The along-arc structure is non-uniform, 1984). ) o )

corresponding to the divergent evolution of The Kurile back-arc basin is situated in the

individual arc segments. Unlike the Kurile seg- rear zone of the Kurile segment of the arc
ment of the arc-system, where a single volcanic system. It is wide in the south and narrow in the
belt exists, in the Kamchatka segment several north. Some scientists believe that Kurile basin

volcanic belts exist: Southern, Eastern, Central ~ Structures cgntinue northward into Kamche.ltka
as the Golygina Trough and Central Depression.

'Unpablished manuscript in the Russian language, submit extending to Litke Strait in the north. These
teddirectlyto InfernationalGeology Reviewandtranslated) - Structures sometimes are considered as a conti-
into English upon review and acceptance lor publication.  nental back-arc rift (Yermakov, 1987).
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Fig. 1. Yolcanoes and volcanic zones of the Kurile-Kamchatka island-arc system (according to C P.
Avdeyko and 1. V. Melekestsev). Volcanic zones of Kamchatka: SK = Southern Kamchatka: EK = Eastern
Kamchatka: CKD = Central Kamchatka Depression: CR = Central Range: WK = Western Kamchatka. Black
stars = large stratovolcanoes: dark concentric rings cut by radial lines = large shield volcanoes; dots = small
volcanic centers (cinder and lava cones of regional zones and lateral eruptions); black rings with cogs =
calderas: circles with stars = submarine volcanoes; boxes with inscription Ee-Mn and index-lines = locations
of Fe-Mn crusts and concretions on submarine volcanoes; thin straight line with cogs = volcanic front; thick
straight line with cogs = axis of deep-water trench; curved lines with figures = isodepths to Benioff zone;
double arrows = vector of Pacific plate; figures near single arrows indicate the distance to deep-water trench

axis from volcanic front.

In Late Pliocene-Quaternary time, volca-
noes in the Kamchatka segment of the island-
arc svstem formed solely in, subaerial condi-
tions. In the Kurile segment, volcanoes (domi-
nant in the frontal zone) coexist with
submarine volcanoes (dominant in the rear-arc
zone). The latter are located on the eastern
slope and. sometimes, even at the base of the
Kurile trough.

The Pliocene-Quaternary volcanic belts of
the Kuriles, South Kamchatka, and Central

|
! AT
. - 166°
158° 162 | 0
Range inherited the position of the

Oligocene-Miocene belts. The volcanic belts
of Eastern Kamchatka and Central Depression
are superimposed on nonvolcanic structures
and started to form only since the Late
Miocene-Early Pliocene after a new subduc-
tion zone had been formed in this part of the
island-arc system. Previously the trench was
situated nearly 200 km to the west (Legler,
1977). The "jumping" of the trench may be
caused by the collision of the Kronotskiy
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terrane and Eastern Kamchatka in the Middle
Miocene (Kononov, 1989). Subsequently, in the
Early Pliocene (Late Miocene?), volcanism
within the Central Range apparently lost its
connection with the subduction processes,
inasmuch as the subduction zone correspond-
ing to this volcanic belt was no longer active at
that time (Legler, 1977). However, volcanic
activity continued here until the Late Holo-
cene, because the volcanic processes tend to
exhibit greater inertia than the tectonic ones.
The Western Kamchatka volcanic belt probably
developed as a non-island-arc structure from
the very onset.

Emplacement of the new branch of the
trench and the new subduction zone apparently
was accompanied by the generation of deep
faults in the nonaccreted block, which pro-
moted the ascent of within-plate magmas from
deep-seated mantle sources (Volynets et al..
1987, 1990a, 1990b). In the Central Range,
within-plate volcanics were formed at the late
stages of development of the island-arc volcanic
belt, and island-arc and within-plate magmas
coexisted in the interior of this structure dur-
ing the Pliocene to Holocene periods..In East-
ern Kamchatka, manifestations of within-plate
magmas preceded the formation of the
Pliocene-Quaternary island-arc volcanic belt,
but in Western Kamchatka they are unrelated
to island-arc volcanics.

The principal geodynamic parameters of the
Kurile-Kamchatka island-arc system change
noticeably along the arc. For example, from the
Southern Kuriles towards Kamchatka, the con-
vergence angle of the lithospheric plates
increases (from 45-50° to 85-90°), the angle
of the subducted plate dip also increases (from
36-40° to 45-50°), and the rate of plate con-
vergence decreases (from 10 cm/year to 8.5
cm/year) (Avdeyko et al., 1991; Pushcha-
rovskiy, 1992). The latest geophysical data (Bal-
esta, 1981, p. 134; Sergeyev and Krasnyy, 1987)
show that the thickness of the crust corres-
ponds to continental values throughout the
Kurile-Kamchatka island-arc system, which
does not agree with earlier data (Gorshkov,
1970). However, the crust's minimum thickness
(27-30 km) exists in the Central Kuriles, as
noted earlier. Crustal thickness increases both
southwards to the Southern Kuriles and NE
Hokkaido (32-44 km) and northwards to
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Kamchatka (36-46 km). The thickness of the
"granitic" layer is small (5-10 km) and it varies
slightly along the arc. Only under volcanic belts
of the Central Depression and Central Range
does the thickness of the "granitic" layer
correspond to continental (15-20 km).

Distribution and Geologic Position of
Rock Varieties and Volcanic Series Types

' The composition of Late Cenozoic volcanic

rocks of the Kurile-Kamchatka island-arc sys-
tem varies from basalt to rhyolite, but the
proportion of rock varieties differs in the Kurile
and Kamchatka segments (Volynets et al.,
1987; Fedorchenko et al.. 1989). In the Kuriles,
rocks of intermediate composition generally
predominate: basaltic andesites and andesites
(60-70%), basalts (17-20%), and acidic rocks
(only 12-16%). In Kamchatka, according to
Melekestsev's data (Volvnets et al.. 1987),
basalts and basic basaltic andesites dominate
(ca. 50%). and there is a higher proportion of
acidic rocks than in the Kuriles (ca. 30%).
However, some authors (e.g., Yermakov. 1987)
consider that the proportion of acidic volcanics
in Kamchatka also does not exceed 15 to 18%.

Outbursts of basic and acidic volcanism were
episodic, with eruptions oi profuse acidic lava
always preceded bv the intensive basaltic
volcanism.

The Kurile-Kamchatka island-arc volcanic
rocks can be subdivided in terms of their K ,0
content into low-K, middle-K, high-K. and
shoshonite-latite scries and in terms of their
total alkali content into lavas of normal and
alkaline series. The latter include the lavas of
shoshonite-latite and. in part, high-K series.
Within each series, following Gill (1981),
tholeiitic and calc-alkaline varieties can be dis-
tinguished in terms of their FeO'/MgO ratio.

Most lavas in both Kamchatka and the
Kuriles belong to the intermediate-K calc-
alkaline series. They are found in all zones and
volcanic belts (Fig. 2). Lavasof the low-K series
occur in the frontal zones of volcanic belts ami
are dominant in the Kuriles, frequent in South-
ern and Eastern Kamchatka, and rare in the
Central Depression and Central Range. Lavas of
the high-K series are located in the back-arc
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andesite

Fig. 2. Distribution of K,,0 in the Quaternary volcanics of the Kuriles (after Pushcharovskiy, 1992). Rock
series: LK = low-K. MK = intermediate-K, HK = high-K normal alkalinity, SH = subalkaline high-K and
shoshonite-latite. Isarithms show K,0 concentration (wt%). Circles indicate subaerial and submarine
volcanoes for which analytical data are available and dots indicate other volcanoes.

zones of all volcanic belts, but in the Central
Range also are found in the central zone.
Finally, lavas of the shoshonite-latite series are
rare: they have been found at some volcanoes of
the back-arc zones of the Northern Kuriles
(among basalts) and Southern Kamchatka, as
well as in the rear and central zones of the
Central Range. Such a distribution of different
rock series is sometimes broken within large
transverse fault zones (Fig. 2), where lavas of

the high-K series sometimes are found even in
the frontal zones of volcanic belts (Volynets,
1987; Pushcharovskiy, 1992). As for the tholei-
itic and calc-alkaline series, the former are
more typical in the frontal and the latter in the
central and rear zones of the volcanic belts
(Pushcharovskiy, 1992).

Lavas of volcanic series of the within-plate
geochemical type include both subalkaline and
alkaline types. They are divided into the follow-
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Fig. 3. Distribution of the rocks of the within-plate geochemical type in Kamchatka. Legend: 1 = ancient
metamorphic basement; 2 = Central Kamchatka Depression (Central Rift); 3 = Pliocene-Quaternary
volcanic belts: SK = Southern Kamchatka. EK = Eastern Kamchatka, CKD = Central Kamchatka
Depression, CR = Central Range. WK = Western Kamchatka; 4 = axis of deep-sea trench; 5-8 = locations of
the rocks of within-plate geochemical type series: 5 = K-Na alkali basalts, 6 = K-Na alkali olivine basalt, 7 =
K-Na transitional basalt-comendite, § = magnesian K alkali basalt; 9 = major faults.

ing series: K-Na alkali basalt (Late Miocene, transitional basalt-comendite (Pliocene-Early
Eastern Kamchatka); K-Na alkali olivine basalt  Pleistocene, Central
(Pliocene, Eastern Kamchatka and Late
Pleistocene-Holocene, Central Range); K-Na

Range);  magnesian
K-alkali basalt and associated shoshonite-latite
(Late Miocene-Pliocene, Western Kamchatka).
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FIG. 4. Magnetite-ilmenite temperature-oxygen fugeaty
dagram for volcanics of KurileKamchatka idand-arc sys
tem. Temperaures (°C) digilayed dong horizontd axes
and log fO, dsplayed on verticd axes Cdculaion method
from Powel and Powdl (1977), maimum T data used.
Legend: Il =rok series: | =idand-arc. [1—I111 =within-
piate geochemical type (Il = K-Na 11l = K); 1-3 = rock
types 1 = basdlt, 2 = basdtic andesite and andesite, 3 =
dedite and rhyalite (a = with hornblende + bictitc assodia
tions of phenocrysts, b= with pyroxene + dlivine asodia
tions of phenocrysts); 4 = dashed lines connect data for
different megnetite-ilmenite intergrowths fran one sam+
ple 56 = fidds of laves from USA and Alaska with
horblende and bictite paragenesis (5) and pyroxene para
geness (6), after Ewat (1983).

Manifestations of volcanics of the within-
plate geochemica type on Kamchatka during
the Late Cenozoic are not controlled by the
Central Depression or Central Rift (Yermakov,
1987). They aso do not depend on outcrops of
old metamorphic basement blocks (Fig. 3).
Within-plate K-Na subalkaline and akaline
basdltic series form cinder-cone zones within
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specia linear structures that obliquely cut the
modern island-arc volcanic belts. Lavas of
basalt-comendite series are located within the
large volcanotectonic depression in the rear
zone of the Central Range volcanic belt. The
rocks of K-basdt and accompanying sho-
shonite-latite series occur along the boundary
of the ancient continental Okhotsk plate, which
is arbitrarily drawn by some investigators (e.g.,
Khanchuk, 1983).

Mineral Composition of Volcanic Rocks

The phenocryst association types and min-
eral compositions in lavas correspond to differ-
ent geochemical series, SiO, contents, Mg
numbers, and also volatile contents (first of dl
H,0) and oxygen fugacity. Phenocryst crystali-
zation in calc-akaline amphibole-containing
idand-arc volcanics from Kamchatka and the
Kuriles occurs at essentialy higher f(O,) than
that in tholeiitic pyroxene lavas: 2-3 log f(O,)
higher than the NNO buffer for the former and
0.5-2.0 logf(0,) higher than the NNO for the
latter, as determined by magnetite-ilmenite
geobarometry-geothermometry. Crystallization
of the melts that produce lavas of the within-
plate geochemical type occurs at lower f(O,)
vaues (near NNO buffer) than the melts that
produce lavas of the idand-arc geochemical
type (Fig. 4).

Pyroxenes from the island-arc tholeiitic
series evalve in a tholeiitic trend accompanied
by the formation of pigeonites and subcalcium
augites in the groundmass of the rocks. How-
ever, these minerals are very rare in cdc-
alkaline lavas and were found only in some
low-K and intermediate-K basalts (Fig. 5). The
evolution of clinopyroxenes from within-plate
basalts proceeds in the direction of titaniferous
salites and fassaites (Fig. 6), and that of
clinopyroxenes from differentiated basalt-com-
endite series toward ferroaugites, sodium ferro-
hedenbergites, aegirine-hedenbergites, and
aegirines.

The clinopyroxenes from within-plate basalts
are more titaniferous than clinopyroxenes from
theidand-arc series (Fig. 7). The samerelation-
ship is characteristic also of amphiboles and
micas (Fig. 8).

Crystalization of most phenocrysts in lavas
takes place at shdlow depths, probably within
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FIG.5. Composition of pyroxene and olivines in the idand-arc basdts from the Kurile-Kamchatka region.
Legend: | —111 =tholgitic: | =low-K, Il =intermediate-K, |1l = high-K and shoshonite-latite: 1Y-VIII =cdc-
dkdine: IV = intermediate-K, intermediate-Mg, V = intermediate-K, high-Mg; VI = hish-K. intermediate-

Ma.

magma chambers of subvolcanic intrusions in
shallow magma chambers and in volcanic chan-
nels, sometimes during the eruptions. This
conclusion is based on comparisons of the com-
position, morphology, and structural stage of
plagioclases from the different depth facies and
aso from investigations of the content and
composition of plagioclases from lavas of
Kamchatka and Kurile modern eruptions.
Mogt phenocrysts in lavas crystallized from
the melts corresponding to these lavas by chem-
istry, and these phenocrysts are not relict or
xenogenic. This inference is supported by the
distinct correlation between the chemical com-
position of rock-forming minerals (phenocrysts
and microlites) and that of host rocks, by

successive change of mineral composition
each geochemical rock series from besc to
acidic lavas, and by the presence of essential
variations in phenocryst contents (sometimes
10-20 times) in lavas of some eruptions without
visible modification in lava bulk chemistry.
However, there are disequilibrium pheno-
cryst assemblages in many Kurile-Kamchatka
calc-akaline lavas, mainly those that are inter-
mediate in SiO, content. These lavas contain
plagioclase with anorthite and andesine cores
and labrador-bitownite rims, as wel as chro-
mium diopside and augite together with magne-
sian and ferrous olivines. and, finaly, quartz
and magnesian olivine. The occurrence of such
assemblages may be interpreted as resulting
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Fig. 6. Composition of pyroxenes and olivines in the Kamchatka basalts of within-plate geochemical type, Legend: A = lavas of K-Na alkali basalt series fiom East Kamchatka
(I, IT) and K-Na alkali olivine basalt series from the Central Range (I11-1V): I, III = high-Mg, 11, IV = intermediate-MG; B = lavas of K alkali basalt from West Kamchatka: [ =
absarokites, II = mica shonkinites, 111 = phlogopite trachybasalts, IV = biotile syenites. Solid circles = phenocryst cores; open circles = phenocryst rims and microlites.
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Fi.. 7. TiO, content in clinopyroxenes of basalis of island-arc (14and within-plate (2) geochemical types
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Hg. 8. TiO, content in micas of volcanic rocks from the Kurile-Kamchatka island-arc system. Legend:
1-2 = volcanic series of island-arc geochemical type: 1 = middle-K, 2 = high-K and shoshonite-latite;
3-4 = volcanic series of within-plate geochemical type: 3 = K alkali basalt. 4 = K-Na alkali olivine basalt and
basalt-comendite; a = microprobe data; b = wet (chemistry data.

from magma mixing. The magma mixing idea is  with bands of variable composition in associa-
confirmed by glasses of different compositions tion with rocks characterized by disequilibrium
found in such lavas, as well as lavas and pumices mineral assemblages.
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I. Whole-Rock Major and Trace Element Contents in the High-Al Basalts of the iiwmite

Island-Are Geochemical Type from the Kurile-Kamchatka System (representative analyses)

=amples:*

Lamponents' | - 3 4 5 6O 7 a 9
=i 50.39 .2 51.38 50.92 5138 51.72 50.98 51.86 51.07
T, 0.8 0.85 0.80 0.95 0.94 0.99 1.15 0.67 1.32
Ao, 18.44 10.55 18.59 17.60 16.20 18.360 18.52 20.44 18.54
Fe). S8 3.06 3.00 2.87 2,95 2% 3.65 4.09 415
el 50 7.50 5.6 6.20 0.41 6.82 5.86 2.50 . 4066
Maf) 014 016 0.7 0106 0.8 0.20 0.20 0.12 0.17
Mgl 6.07 2.0l | (.86 .78 4.32 5.04 2.66 340
1ah) 10.05 1126 0.85 10.45 9,35 9.24 8.98 8.34 8.18
Na ) 211 1.0 298 2.9 2,85 4.20 313 3.28 3.4
Nily, = - 0.22 0,32 1.30 0.73 1.20 1.93 L9 ' =330 2.90
Py - 0.6 012 0.20 0.26 0,22 0.32 0.40 0.58 0.62
L0l 0.4 0.4 1.02 0.76 0.22 0.28 0.00 0.82 0.57
HO - - - - - - 0.48 0.94 115
Total 1KL51 1ok,32 H).0H 1.7 99,60 100,34 100,34 599,62 99.93
Ky, 0,51 0.535 0.50 0.58 0.60 0.45 0.50 0.43 0.42
(B - (TR K) - 0.30 0,30 - 0.72 1.0 0.53
R: 2 2.0 20 18 13 4l a2 325 681
= 283 258 614 422 SH 670 810 1020 569

B 92 102 282 300 M5 396 T4 1610 460

b <l 1.8 | 70 10.7 13 13.0 17.5 12.8
e 2 XY 20 18.9 24.0 26 26.0 325 32.6
N 4 348 16 12.4 13.0 24 16.0 174 2.2
> - Lot - 3.65 3.05 - 125 4176 5.93
Eu - 0,50 - 1.25 0.95 - 1.40 1.55 1,08
G - 2.1 - 3.9 3.4 - 4.0 - -
Tt - 0.1 - 0.60 0.55 - 0.70 0.70 1.09
Yo - 165 - 222 2.05 - 2.3 1.79 297
Lu - 0.22 - 0.31 0.27 - 0.34 0.25 0.43
A 16.8 - 2 17 8 23 - 18.8 32.0
Th <lI 0.10 L1 1.1 ! 1.8 3.17 2.05
t - 0.07 - 0.43 0.50 - 1.3 2.09 1.89
i 31 - 22 116 137 80 - 113 176

. Hf - = - 2i1 2.8 - 3.0 2.52 4.07
N\t 1.0 - +.9 3.0 7.0 5.0 - 28 .4 57
T - 0.026 - 0.15 0.29 - 0.30 0.18 0.35
= +H T 2y 4l 315 28 17 17 19

\ Jol 350 343 350 180 348 250 235 271

Cr 37 5 250 295 346 13 22 15 20
Lo 33 36.8 26 39.0 36.0 27 19.3 19 25
Ni 18 45 21 68 103 8 13 12 13

*Samples 1. 3, and 6 from Kuriles, others from Kamchatka. Legend: | =sample V17-669, Ol-Opx-Cpx-Pl| basalt, Medvezh'ye caldera,
Zevoh bay. lturup island: 2 = sample 5939, OI-PI basali, llinsky volcano, Southern Kamchatka; 3 = sample V40-20/2, Amph-
containing O1-Opx-Cpx-Pl basalt. submarine slope of island-volcano Chirinkotan; 4 = sample 5864, OI-P| basalt, cinder cone Ucho.
Southern Kamchatka: 5 = sample 6446/1, Ol-P| basalt, cinder cone in Ichinskaya zone of cinder cones, Central Range; 6 = sample
6002/ 1, Phl and Amph-containing Ol-Cpx-P| basalt, Alaid volcano, Atlasova Island, 1972 eruption; 7 = sample 6746, OI-Cpx-PI
basalt, Kekuknayskiv volcano, Central Range: 8 = sample 7319, plagiophiric basalt, Tekletunup volcano, Central Range; 9 = sample
6955. O1-Cpx-PI basalt, Bolshava Ketepana volcano, Central Range.

Geochemical rock series: 1 and 2 = low-K: 3, 4, and 5 = intermediate-K: 6 and 7 = high-K; 8 and 9 = shoshonite-latite.
*Here and in Tables 2 and 3 REE. Cs, Th ,U, HI, Ta, partly Se, Ba, Sr, Cr, Co, and Ni contents determined by [INAA technique; Rb, V,
Y. Zr. Mb, partly Ba, Sr. Se, Cr, Co. Ni, La, Ce and Nd by X-ray {1 Major el t analyses performed at the Institute of
Volcanology, Russian Academy of Sciences, by wet chemistry, at the Institute of Geochemisiry, Russian Academy of Sciences, and at
Copenhagen University by N-ray fluorescence.
'Ky, = Mg/Mg +Fe, at.%

Anulvses of trace elements in the samples 1, 3, 6, 8, and 9 were performed at Copenhagen University by Dr. J. C. Bailey; ulhers
were performed at the Institute of Geology and Geophysics, Russian Academy of Sciences, V. S. Parkhomenko. analyst.
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TaBLE 2. Whole-Rock Major and Trace Element Contents in the Magnesian Basalts

of the imwild Island-Arc Geochemical Type from the Kurile-Kamchatka System
(representative analyses)

Samples:*

Components 1 2 3 4 5 6 7 8 9
Si0, 50.38 51.90 49.42 47.12 51.64 49,52 50.76 50.16 48.52
TiO, 0.48 0.54 0.72 0.87 0.90 0.89 0.67 0.67 0.96
AlLO, 16.24 10.57 14.79 15.69 12.36 13.96 10.61 297 14.73
Fe,0, 2,63 1.75 2,96 2,93 4.32 4.00 1.97 312 314
FeO 6.38 6.65 5.84 6.89 +.90 5.20 6.39 5.52 5.80
MnO 0.17 0.13 '0.18 U.]g 0.]16 0.18 0.23 0.13 0.16
MgO 10.50 14.11 10.16 11.32 11.20 12.05 18.68 15.02 10.41
Ca0 11.63 11.60 12.69 112 8.74 gl 9.26 6.50 8.46 10.12
Na,0 1.56 1.82 2.15 2.18 2.76 2.85 2,13 231 253
K,0 0.35 0.37 0.68 0.98 1.42 1.04 0.92 1.68 2.02
PO, 0.07 0.09 0.14 0.22 0.23 0.20 0.24 0.56 0.30
L.O.L 0.19 - 0.22 0.12 0.33 0.16 0.73 0.64 0.23
H.0 0.00 0.75 - 0.28 0.24 0.24 0.27 - .56
Total 100.58 100.28 99.95 99.88 99.20 99.55 100.10 100.5-+ 99.50
Ky, 0.68 0.75 .68 0.68 0.69 0.71 0.80 0.59 0.68
Cs 0.35 0.21 0.41 0.20 0.56 0.12 0.37 1.00

Rb 5 4 9 15 - 11 15 4 H
Sp 320 220 380 198 707 488 - 62 50
Ba 69 132 192 162 816 362 353 309 311

La 314 2,93 6.23 8.87 9.77 0.2 5.02 8.96 310
Ce Tor 6.9 145 20.1 243 14.8 135 23 66.1
Nd - 4.8 9.0, 12.0 15.60 9.5 - 15.0 HLO
Sm 1.45 1.60 243 3.37 +H10 274 234 20 10.4
Eu 0.53 0.54 .80 1.04 1.14 0.90 0.73 1.23 a8
Gd - - - - - 2.8 ¥ - w2
Th 0.27 0.31 .48 0.53 0.52 0.52 0.37 0.60 0.9]
Yb 1.20 1.10 1.9 1.76 1.50 1.61 .11 .70 1.8
Lu 0.184 0.157 0.230 0.265 0.223 0.21 0176 0.245 0.18
Y - 14 - 19 - s - 20 20
Th 0.40 0.45 1.08 1.36 0.84 0.4 0,46 0.89 24y
U 0.10 - 0..40 0.40 0.52 0.37 0.50 0.60 0.835
Zr - LT - 56 - 112 - B6 138
Hf 0.87 1.03 1.45 1.88 ' 201 2.1 1.6+ 257 34
Nb = - - 2.5 - - = 13 3.6
Ta - - n.10 0.14 0.08 0.07 0.09 .08 0.07
Se 39.9 .3 6.1 39.6 209 36.0 212 3 35

v 360 200 230 324 - 225 - 248 430
Cr 360 1023 n 1092 1068 826 1878 881 34
Co 16.9 8.3 39.2 46.1 30.0 47.6 39.9 6.8 W.T
Ni 100 330 150 203 213 235 - 230 175

“Samples |, 3, and 4 from Kuriles, others from Kamchatka, Legend: | = sample VI5-90/5, OI-Cpx-Pl basalt, submarine slupe
island-volcano Brat Chirpoyev; 2 = sample 5891, Ol-Cpx basalt ("avachit”™), Avachinskiy voleano: 3 = sample V25.36/ 1. Ol-Opx-Coa
basalt, submarine volcano 3.19 (North Kuriles): 4 = sample: V40-8/2, O1-Cpx hasalt, submarine slope of island-voleano Broutuna.
5 = sample 1002/2, 01-Cpx basalt, Zarechnyy voleano; 6 = sample 5606, Ol-Cpx basalt, Kharchinskiy volcano: 7 = sample 1023, 01
basall, the same locality; 8 = sample 1188/1, Phl-Amph-Cpx-Ol husalt, Shiveluch volcano; 9 = sample 7373, Ol-Cpx basalt, China

cinder cone, northern part of Central Range.

Geochemical series: | and 2 = low-K: 3-7 = intermediate-K; 8 = high-K: 9 = absarokite-shoshonite-latite.
Rare elements data for analyses 1-4, 7, and 8 performed in New Mexico Institute of Mining and Technology. by Dr. 2 K-ie.
analysis 5 in Cornell University, by G. M. Yogodzinskiy; analyses 6 and 9 in the Institute of Geology and Geophysics, Rus=ia:
Academy of Sciences, V. S. Parkhomenko, analyst.
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Bulk Chemistry and Trace Element
Composition of Volcanic Rocks

Most island-arc volcanic rocks of Kamchatka
and the Kuriles belong to the high-Al type and
have low Mg, Ni, and Cr concentrations and Ni/
Co and Cr/V ratios (Table 1). However, there
are magnesian basalts in each geochemical rock
series with magnesian numbers (K,,, = Mg/Mg
+ Fe, at%) of 0.65-0.75, and high Ni and Cr
contents (Table 2). Magnesian varieties also are
found among andesites (Volynets et al., 1987,
1990a). Usually magnesian basalts of the
Kurile, Kamchatka, and other island-arc sys-
tems have Iow or moderate ALO, concentra-
tions (e.g., Gorton, 1977; Nye and Reid, 1986;
Volynets et al., 1987, 1990a; Kay and Kay,
1994); however, sometimes high-Al magnesian
basalts occur (Bartels et al., 1991). Basalts of
the K and K-Na alkali basalt series of the within-
plate geochemical type belong generally to the
high-Mg type (K,,, > 0.65), whereas basalts of
the K-Na alkali olivine basalt and basalt-com-
endite series belong to high-Al type (Table 3).

The identification of high-Mg lavas is quite
important, since only magmatic melts with K,,,
= 0.65-0.75 may be in equilibrium with mantle
peridotite. High-Mg lavas probably are closer in
composition to primary mantle melts than
high-Al lavas, which in most cases are differ-
entiated varieties. This hypothesis agrees well
with data indicating that in each rock series the
magnesian basalts are poorer in incompatible
trace elements than in the high-Al basalts (see
Tables 1 and 2) and with the fact that
groundmass composition of many magnesian
basalts is close to bulk composition of common
high-Al basalts. This also is corroborated by the
results of calculations based on REE contents
for the Central Kamchatka Depression lavas,
showing that high-Al basalts may be the prod-
ucts of high-Mg basalt fractionation (Volynets
et al., 1990a). However, experiments by Bartels
et al. (1991) have shown that high-Al magnesian
basalts also may be one of the primary magma
types produced by the partial melting of the
plagioclase-spinel lherzolite. Mg-basalts are
present in each geochemical rock series having
distinctly different incompatible trace element
concentrations, and this is a clear indication
that primary magmas are different for lavas of
each series.

The main geochemical features of island-arc
volcanics are distinctly visible when compared
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to lavas from other geodynamic situations using
various geochemical discriminant diagrams, or
"spidergrams.” One such diagram, proposed by
Wood (1980), demonstrates the depletion of
island-arc lavas from Kamchatka in Ta com-
pared with Th and Hf (Fig. 9). Note that there
are some samples of basalts enriched in Ta
among the moderate-Ti, intermediate-K basalts
from the Central Range volcartic belt. They are
similar to intermediate-K basalts from the Rio
Grande Rift, which are transitional from island-
arc to within-plate volcanics in terms of geo-
chemistry (Volynets et al., 1990a). Another
diagram depicts the distribution of hygromag-
matophile rare elements in Kamchatka basalts
(Fig. 10). On the whole the view of distribution
curves for the basalts from various island-arc
geochemical series, including Mg- and Al-types,
remains very similar, although the concentra-
tions of most hygromagmatophile rare ele-
ments, used in this spidergram, differ greatly.
This picture is quite typical of basalts and
basaltic andesites from other ocean-continent
transition zones (Holm, 1985). Their distribu-
tion curves have a visible left-right slope, i.e.,
one can observe prevailing enrichment of
island-arc lavas in Ba, U, and K as compared
with La, Ce, F, and Zr, and in the latter as
compared with Ti, Y, and Yb. In addition, all the
curves show a pronounced Ta and Nb minimum
and Sr maximum, and those for the Kurile-
Kamchatka and certain other island-arcs show a
Th minimum as well.

Note that the degree of element enrichment
of island-arc magmas corresponds in general
both to coherent crystallochemical properties
of the elements (Wood, 1979) and to their
mobility in the fluid phase (Tatsumi et al.,
1986). The Sr maximum on the distribution
curves (and high A1,0, contents in lavas) may
indicate that plagioclase (Sr mineral-concentra-
tor) occurs in the source of the island-arc
magmas, i.e., the gabbroization processes take
place there. This source characteristic is con-
firmed by the results of studying ultramafic
inclusions in island-arc lavas (Yermakov et al.,
1987; Volynets et al., 1990c). Ta and Nb minima
on the aforementioned curves for island-arc
lavas conform well with their inertia in the fluid
phase, which enriches the mantle source of
island-arc magmas (Tatsumi et al., 1986).
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TaBLE 3. Whole-Rock Major and Trace Element Content in the Kamchatka Basalts
of the Within-Plate Geochemical Type (representative analyses)

Samples:* : Li 0% f*’" Ws ~—
Components 1 2 3 4 5 6 = 8 9
Si0, 45.54 44.80 44.84 46.90 51.10 48.78 16.11 50.72 52,45
TiO, 1.66 2.88 275 1.67 1.90 1.92 1740 1.80 2.08
ALO, 15.03 1587 1500 1560 1655 (i 170 1770 149
Fe,0, 2,66 3.57 6.19 231 3. 1.23 iy 5.10 141
FeO 7.69 5.16 2,70 7.61 5.01 5.76 L7H 2.69 281
MnO 0.13 0.24 0.17 0.17 0.14 0.14 o7 0.13 1.25
MgO 10,38 .77 6.68 10.50 649 5.90 12.67 6.70 196
CaO 7. 7.22 6.45 0..59 8.59 8.88 T 6.70 5.33
Na,0 2.88 2.59 4.96 3.00 .75 3.60 07 278 6 2,09
K.O 1.66 2.70 1.33 1.85 214 L3 3.89 5.89 525
P.0, 0.43 1.09 1.30 0.48 0.54 0.63 110 (.86 0.7
L.O.1. 2.66 3.2 4191 0.33 0, Hi 0.00 283 - 0,62
H.0- 1.22 2.03 2,42 0.07 007 0.4 250 K k) I.149
Total 99.82 99.35 099.7 100011 100,15 99.71 T 09,80 R
Ki; 0.65 0.62 0.59 0.66 0.59 0.52 073 0.62 03
Us 0.43 3.0 - 0.55 0,060 10.25 .26 0.89 3
Rb 16 30 12 30 x 11 M 1145 189
~NF 621 1720 alo 600 hbd T 321 H33 1170
Ba 307 1086 03 86 a5 W5 1345 1643 30RO

la 18.2 66,9 104 16.1 fid 21.0 N5 b2 a3
e 318 118 234 305 w0 RO ) 107 18
Nd 19.6 0.2 /4.2 18.9 1.1 Lo fl] b .3 HLT
Sm LY 125 16,2 LY 38 (=1 3,30 S0 2
Fu 1.65 i 5 Lbh 1% .86 1.35 239 |.a4 .43
(11 h.ob 0.0 0.0 A8 3.3 bt 3.9 {95 Al
Th 0.87 1.3 13 0.6 0487 (§ e 8. [ | thoh
Yh 2.0 25 2.3 | P’ 1.93 208 .y 202 a4
lu 0.30 0.4 .35 0.23 .40 0,20 02 1,28 .41
Y ot ) 23.0 26.1 d i 21.0 - ki3 g 250 puf ]
Th 2.2 9.5 BT 1.5 3.0 |65 3.1 %) 1548
{5 0.65 29 2.9 - 125 .89 24 ah e
Zr 160 474 [a0 (0] o } 230 X 8l 584
HI 1O 113 9.6 3.3 i) L3 1o 1L 18.0
Nh 17.9 67.0 85.7 0.0 17 )T ) 4.3 1.1
Ta 1.4 0 LOS .65 1.5 5 0.8 .39 .66
Se A5 5.5 I8 A0 28.5 bt i 280 a0 i

\ 2149 187 145 173 150 125 450 250 425
tir 24 135 184 M6 1500 26 oy 201 125
(3 36.0 45.0 410 .5 A0 il f=a 230 i
Ni 160 a7 1 160) 130 33 (§1E] oh 0]

“1-3 = Eastern Kamchatka, Valaginsky Ridge, the basin of the Left Zhupanova River, K-Na alkali basalt series N age: | = sampi-
112, O1-Cpx basalt, 2 = sample 1135, subafiric Ol basali, 3 = sample 2141, subafiric Ol basalt: 3-6 = Central Range: +-5 = cinder
cones, region of Geologists Valley, K-Na alkali olivine basalt series Q) age: = sample 6805, O1-Cpx basal, 5 = umpil 6747, Phi-
Cpx-01-P1 basalt; 6 = Belogolovskiy voleane, K-Na basalt-vomendite series N 20 age. sample 6251, O1-P1 basalt: 7-9 = Westers:

Kamchatka, basin of Khlebnaya river, K-alkali basalt series N fage: T = sample 60984 miea micrashonkinite, 8 = <ample 0982, Phi-
Cpx-01 basalt, 9 = sample 6983, Bi syenite,

Analyses of rare elements performed at the Institute of Geology and Geophivsies, Russian Aeademy of Sewenees, V. =
), I L3 LA A

Parkhomenko, analyst. - "
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Fig. 9. Th-Hf-Ta systematics of Late Cenozoic volcanic rocks from Kamchatka. Legend: I-IV = rock series
of island-arc geochemical type: I = low-K, Southern and Eastern Kamchatka: II—1III = intermediate-K,
Southern Kamchatka. Eastern Kamchatka, and Central Kamchatka Depression (II = high-Al, III = high-
Mp); IV = intermediate-K, Central Range; V - high-K. Southern Kamchatka, Eastern Kamchatka, and
Central Kamchatka Depression: VI = shoshonite-latite. Central Range; VII-IX = rock series of within-plate
geochemical type: VII = K alkali basalt. Western Kamchatka. VIII = K-Na alkali basalt and K-Na alkali
olivine basalts, Eastern Kamchatka, IX = K-Na alkali olivine basalt and K-Na basalt-comendite. Central
Range; 1-3 = rock types: 1 = basalt, 2 = basaltic andesite and andesite, 3 = dacite and rhyolite. The fields of
rocks are after Wood (1980). A = island arcs and active continental margins; B = mid-oceanic ridges (N-
MORB): C = mid-oceanic ridges (EEMORB) and within-plate areas; D = within-plate areas.

Lavas of the within-plate geochemical type
are not homogeneous in terms of their geo-
chemical features. The rocks of K-Na sub-
alkaline and alkaline series are quite different
from the rocks of K-alkali basalt series. How-
ever, both are enriched in Zr, Hf, La, Ce, and Th
and the basalts also are enriched in Ti and P and
depleted in Ca. Distinctive features of the rocks
ofthe K-Na within-plate series from Kamchatka
are high Nb and Ta concentrations, which are 5
to 100 times higher than those in island-arc
lavas. Accordingly, they have low La/Ta, La/Nb,
Zr/Nb, and Th/Ta ratios and a high Ta/Yb ratio
(Figs. 11 and 12), which is typical of within-
plate magmatic rocks (e.g., Wood et al., 1980;

Gill, 1984). However, variations of Ta and Nb
concentration in the lavas of K-Na alkali basalt
and K-Na alkali olivine basalt series also are
high and they occupy the different fields on the
discrimination diagram for Th-Hf-Ta (Fig. 9).
Moreover, lavas of K-Na alkali olivine basalt
series from Eastern Kamchatka and some inter-
mediate and acidic lavas of the basalt-comendite
series from the Central Range fall within the
area between fields of within-plate and island-
arc magmatic rocks, corresponding to transi-
tional lavas of the Rio Grande Rift.

In the rocks of the K-alkaline basalt series,
the Nb and Ta concentrations also are higher
than those in island-arc lavas, but only by 2 to
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12 times, and the values of the discriminating
La/Ta, Zr/Nb, and Th/Ta ratios are not outside
the range of those of island-arc magmatic rocks,
and on the Th-Hf-Ta diagram (Fig. 9) these
rocks also fall within the field of volcanics from
ocean-continent transition zones. Only Ta/Yb
ratios are on the whole higher in these zones
than in the Kamchatka island-arc lavas.

Ta and Nb "island-arc" minima also are
found on the spidergrams for K-basalts, but
they are absent for the lavas of K-Na alkaline
and subalkaline series. At the same time, all
within-plate basalts of Kamchatka are dis-
tinguished from island-arc basalts by the
absence of Sr maxima (Fig. 10). The latter may
indicate that plagioclase is lacking in the
within-plate magma source.

Within-plate and island-arc volcanics differ
also in terms of volatile contents. For example,
micas from within-plate lavas have lower CI
concentrations and lower CI/F ratios than
micas from island-arc lavas. Probably fluid from
a subducted plate, enriched in sea-water compo-
nents including Cl, does not take part in within-
plate magma generation, unlike the case for the
island-arc magmas.

Isotope Composition of Volcanic Rocks

Nearly 300 published analyses of Sr-isotope
composition presently are available for 84 vol-
canoes of the Kurile-Kamchatka island-arc sys-
tem (Vinogradov et al., 1986; Bailey et al.,
1987; Ikeda et al., 1987; Zhuravlev et al., 1987;
Pushcharovskiy, 1992; Churikova and Sokolov,
1993; author's unpublished data). The domi-
nant quantity of values of “'Sr/*Sr ratios
(~70%) range between 0.7030 and 0.7034, and
values of more than 0.7040 are found only for
four samples. These values are more charac-
teristic of an oceanic (ansimatic) than a conti-
nental (ansialic) type of island arcs (Leeman,
1983). These data may indicate that the ancient
sialic basement essentially does not influence
the composition of magmatic rocks from the
Kurile-Kamchatka system. One body of evi-
dence that supports such an arguement is the
absence of a correlation between Sr-isotope
ratio values and crustal thickness. In reality,
the same variations of Sr-isotope values are
observed for the volcanics of the Eastern belt,
where the "granitic" layer is thin, and for
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Fiei, )0, Spidergrams of hydromamatophile elements in

sasalts of island-are (A) and within-plate (B) geochemical
vpes from the Kurile-Kamehatka island-are svstem. Nor-
nalized to primordial mantle 1 Wood, 1979, Legend: -4 =
'”l'i series U[ l‘i.'l"li‘-lr“ ]H.‘Uf'h('m]l'ﬂ] r_\'lll*: I = ||}““K, —-‘ =
ntermediate-K (2 = magnesian, b = alumima), 3 = hieh-K.
b = shoshomite-datte: 5-7 = rock series of mlnm-plalv
reochemical tvpe: 5 = K alkali basalt. 6 = K-Na alkali olivine

asalt and basalt-comendite, 7 = K-Na alkali basait,
volcanics ol the Central Mange, where the gra-
nitic" layer has a thickness corresponding to
continental crust (Balesta, 1981; Volvnets et
al., 1987).

Studies of the Sr-isotope composition in the
Kamchaka volcanics of within-plate geochemi-
cal type have been initiated recently (author's
unpublished data). The results of these studies
show that the values of*’Sr/**Sr ratios in lavas
of the K-Na alkali-olivine basalt series corres-
pond to those of island-arc Kamchatka basalts,
-whereas they are essentially higher in the lavas
of K-Na alkali basalt series (Fig. 13). In the
latter they are close to the *’Sr/*Sr ratios in
K-Na alkali basalts of SW Japan, Korea, and NE
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Fig. 11. Taversus La (ppm) in Late Cenozoic lavas of Kamchatka (I) and other regions (I1). Legend: 1. 1-5
= rock series of island-arc geochemical type: 1 = low-K. 2-3 = intermediate-K (2 = Southern, Eastern
Kamchatka and Central Kamchatka Depression. 3 = Central Range), 4 = high-K,5 = shoshonite-latite; 6-7 =
rock series of within-plate geochemical type: 6 = K alkali basalt. 7 = K-Na alkali basalt, alkali olivine basalt,
and basalt-comendite. I1. 1 = fields of island-arc and active margin volcanic rocks; 2 = fields of within-plate
volcanic rocks: I =Japan: A = tholeiitic basalt-andesite series, B = high-Al basalt-dacite series, C = Oki-Dogo
trachybasalt-trachyrhyolite series (Wood et al.. 1980): 11 = Southern Chile calc-alkaline basalt-rhyolite
series. (Cerlach et al., 1988); III = Santorini calc-alkaline basalt-rhyolite series (Mann. 1983); IV = Rio-
Grande Rift basalts (Dungun et al., 1986); Y = Sardinia alkali olivine basalt-trachyte-rhyolite series (Dostal
etal., 1982); VI = Hawaii-Emperor Ridge: A = tholeiitic. B = alkaline (Cambon and Bougalt, 1980); VIl =
Mongolia and Baikal region subalkali and alkali basalts (Kononova et al.. 1986); VIII = East African Rift

basalt-pantellerite series (Barbery et al., 1975).

China (Nakamura et al., 1990) and to average
values for alkali basalts of continental rifts
(Faure, 1986). Thus the magma source for
within-plate volcanics differs in Sr-isotope
composition from the magma source for island-
arc basalts only for K-Na alkali basalts.
Published data on Nd-isotope composition
are meager and comprise 26 analyses from
Quaternary lavas of the Kuriles (Zhuravlev
et al., 1987) and only single analyses for
Kamchatka. '“Nd/'*'Nd values range from
0.512993 to 0.513153 (eNd = 6.9-10.1). In the
"'Nd/'"**Nd-""Sr/*Srdiagram, the Kurile data
fall into a small field that is situated on the
mantle array and coincides in part with fields of

some other island-arcs, first of all the Marianas
and Aleutian arcs (Zhuravlev et al., 1987).
The oxygen isotope composition was deter-
mined in more than 100 samples of Quaternary
island-arc lavas from the Kurile-Kamchatka sys-
tem (Matsuhisa, 1979; Vinogradov et al., 1986;
Ivanov and Ustinov, 1988; Pokrovskiy and
Zhuravlev, 1991; author's unpublished data).
The d"O values vary from +4.1% to +10.8%
(Fig. 14). However, approximately 50% of them
fall into the region characteristic of unaltered
rocks of mantle genesis: 6.0 + 0.5% (Faure,
1986). Similar features of the distribution of
d®O values are found in lavas from volcanic
arcs of NE Japan (Matsuhisa, 1979), the
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Fig. 12. Nb versus La (ppm) in Quaternary lavas fiom the Kuriles. Legend: 1-3 = lavas of different
volcanic zones of Kuriles: 1 = frontal, 2 = intermediate, 3 = rear-arc; 4 = fields of volcanics from different
regions: I = Kamchatka, high-K and shoshonitelatite series (author's data); II = New Hebrides, intermedi-
ate-K and shoshonite-latiteseries (Gorton, 1977); III =Santorini, intermediate-K series Mann, 1983); IV =
Southern Chile, intermediate-K series (Gerlach et al., 1988); V = Rio-Grande Rift. low-K. intermediate-K.
and high-K series (Dungan et al., 1986); IV = Kamchatka, basall-comendite series (author's data).
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Fig. 13. Variations in Sr isolope composition of the LateCenozoic basalts fiom Kamchatka. Legend: 1AB =
basalts of island-arc geochemical type; WPB = basalts of within-plategeochemical type: WPB, = K-Na alkali
basalt series, WPB- = K-Na alkali olivine basalt and basalt-comendite series.

Aleutians (Kay and Kay, 1994), and the Mar-
ianas (Stern and Ito. 1983), whereas the domi-
nant values of d'*0 in lavas from volcanic arcs
of SW Japan are shifted to the heavier region
(Matsuhisa and Kurasawa, 1983). The d"O
values heavier than +6.5% in igneous rocks
usually are considered to result from magma
contamination by sediments, by old sialic base-
ment rocks (Faure, 1986), or by sea water in
deep magma chambers (Pokrovskiy and
Zhuravlev, 1991).

Most d"*O analyses of lavas of K-Na alkali
olivine basalt and basalt-comendite series (9 of
15) are within the "mantle" limits (+6.0 +
0.5%); in other analyses d"*O values range from
+6.7% to 7.1%. Oxygen-isotope composition in
the K-Na alkali basalts varies more essentially
(from+6.0%to+10.4%).

Sulfur and carbon isotope compositions have
been determined only for island-arc lavas from
the Kamchatka segment, constituting 26 and 23
samples, respectively (Mineyev et al., 1986;
author's unpublished data). The d**S values
fluctuate from +0.4 to 15.3% (plus one abnor-
mal value of +25.6%) and the median value is
+8.4%. A heavier-than-meteoritic sulfur-iso-
tope composition is typical of island-arc lavas
(Ueda and Sakai, 1984). It usually is inter-
preted to result from magmatic melt dehydra-
tion and contamination by sea water sulfates
(Faure, 1986). The d'"’C values for high-tem-
perature (>600°C) carbon fractions range
from -14.8% to -33.6%. These values are much
lighter than those in submarine oceanic basalts
(Faure, 1986), but similar to those in subaerial
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Fg. 14 Vaiaions in oxygen isotope compastion of the Late Cenazoic basdts of idand-arc (1A) and
within-plate (WP) geochemicd types from the Kurile Kamchatka idand-arc system.

lavas of Iceland (Gaimov and Gerasmovskiy,
1978) and some other regions.

Tera and Morris from the Carnegie Institute
(United States) determined “Be concentra-
tions in 23 lava samples of modern Kamchatka
and Kurile volcanic eruptions (Teraet al., 1989;
Tsvetkov et al., 1991; Morriset al., 1993). The
“Be contents were found to be 2.2-7.9 * 106
at/g in the Kurile volcanics and 0.0-3.7 * 106
at/g in the Kamchatka volcanics. Calculations
based on '°Be data using the Tera method (Tera

et al., 1986) demonstrate that the proportion of
sediment incorporation for the Kurile magmas
is <4.0%, and for Kamchatka magmas is
<1.5%. These values are similar to estimations
of the sedimentary component involved in the
genesis of magmeas in certain other idand arcs
and active margins obtained from '°Be data
(Tera et al., 1986). These results confirm aso
the earlier conclusion, derived from the REE
distribution and Sr-Nd isotope data, that a small
proportion of sediments participates in the
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Fig. 15. Correlation of natural and calculated trends of REF distribution in the lavas of Ksudarh caldera,
Kamchatka. Legend: H = basalt; AB = basaltic andesite; A = andesite: I) = dacite; 1 = natural trends; 2=

calculatedtrends.

magma genesis in the Kurile-Kamchatka island-
arc system (Zhuravlev et al., 1987).

The Problem of Acidic Magma Genesis

The main features of bulk and rare-element
chemistry are inherited from basic to acidic
lavas in each geochemical rock series, despite
wide variations. For example, in tholeiitic, low-
K lavas of the Ksudach (Kamchatka) and
Lvinaya Past (Kuriles) calderas, REE con-
centrations increase 3-4 times but La/Yb ratios
remain approximately constant and REE dis-
tribution curves are subhorizontal for all rock
types (Fig. 15). In differentiated magnesian
andesite-rhyodacite rock series from the Piyp
submarine volcano in the far western Aleutians,
acidic lavas inherit a high magnesian number,
high Ni and Cr contents, and depletion of Ba,
Cs, and Th with respect to K and La from
magnesian andesites (Yogodzinskiy et al.,
1994). Intermediate and acidic rocks of basalt-
comendite series from the Belogolovskiy vol-
cano, Kamchatka, like the basalts, are enriched
in Nb and Ta and have low ("within-plate") La/
Ta, Zr/Nb, Th/Ta, and La/Nb ratios (Volynets
et al., 1987,1990a). Lavas from Kamchatka and
Kurile volcanoes with various SiO2 contents
exhibit no systematic difference in Sr-isotope
composition (Volynets et al., 1987; Pushcha-
rovskiy, 1992). A similar situation is found for

differentiated series at volcanoes in many other
island arcs and active continental margins (e.g..
Gerlach et al., 1988; Singer and Myers, 1990:
Yogodzinskiy et al., 1994).

The fractional crystallization of basalts with
magnetite participation may be an important
mechanism of genesis of intermediate and
acidic lavas from different geochemical series.
It is supported by model calculations made by
the least-squares method for main elements and
using the Rayleigh equation for trace elements,
as well as by data on volcanic rock groundmass
compositions. Calculations made for tholeiitic
series fractionation commonly are successful
(e.g., Fig. 15), whereas for calc-alkaline series
positive results usually are obtained only for
individual links in differentiated series of vol-
canics (e.g., Volynets et al., 1990a; Pushcha-
rovskiy, 1992). Thus, in the latter case the
participation of other petrogenetic processes
may be supposed (magma mixing, liquid immis-
cibility, etc.). Finally, intermediate (andesitic)
melts may be generated directly by the partial
melting of a hydrous mantle peridotite, as
shown by  experimental investigations
(Kushiro, 1974; Mysen and Boettcher, 1975).
Probably acid melts also may be obtained in the
upper mantle (Matsumoto, 1965). The finds of
andesitic, dacitic, and occasionally rhyolitic
glasses in ultramafic inclusions of Kamchatka
(Yermakov et al., 1987), Kuriles (Volynets et
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al., 1990c) and other regions (e.g., Murav'yeva
et al., 1989) corroborate these experimental
data. Studies of these inclusions imply that the
partial melting of mantle peridotites usually is
preceded by metasomatism with the participa-
tion of water fluid. Chromian phlogopites,
chromian magnesian amphiboles, and labrador-
bytownite plagioclases form during this process
(Volynets et al., 1990c).

Lateral Zoning of Volcanic Rock

Across-arc  geochemical and mineralogical
zoning of volcanics, which is a typical feature of

island arcs, is very important for understanding
island-arc magma genesis (e.g., Gill, 1981:
Kushiro, 1983). It is described in detail for the
Kurile-Kamchatka island-arc system (e.g..
Gorshkov, 1973; Popolitov and Volynets, 1982:
Volynets et al., 1987; Fedorchenko et al., 1989:
Avdeyko et al., 1991; Pushcharovskiy, 1992).
In frontal zones of volcanic belts, lavas are
characterized by two-pyroxene assemblages of
phenocrysts, whereas in rear-arc zones, basalts
rarely contain orthopyroxene phenocrysts, and
intermediate and acidic lavas along with pyrox-
enes commonly have amphibole and mica.
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Sometimes these latter two minerals occur here
in basaltic andesites and even in basalts. The
different distribution of amphibole-bearing
phenocryst associations in rear-arc and frontal-
arc lavas suggests that rear-arc magmas have
higher H,0 content than frontal-arc ones. The
results of calculations by magnetite-ilmenite
geobarometry-geothermometry (Volynetset al.,
1987; Pushcharovskiy, 1992) show that rear-arc
melts crystallized at higher oxygen fugacity
than frontal-arc melts (by 1.0-1.5 logf(0O,)),
which conforms with the higher oxidized Fe
content in rear-arc lavas (Pushcharovskiy,
1992).

Minerals from lavas of frontal- and rear-arc
zones also differ in composition. For example,
plagioclases in rear-arc lavas are, on the whole,
less calcic, with higher Ba, Sr, and K and a lower
Ca/Srratio and Fe contents than plagioclases in
frontal-arc lavas (Fig. 16). Amphiboles in rear-
arc lavas have, accordingly, higher K-Na ratios
(Fig. 17). The evolutionary trend in pyroxenes
from frontal-arc lavas is tholeiitic, whereas in
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rear-arc lavas it is calc-alkaline (Fig. 18) (see
also Pushcharovskiy, 1992).

Across-arc geochemical zoning, found in all
volcanic belts, is studied in more detail for the
Kurile segment. This zoning is displayed in
increasing contents of K, Rb, Li, Be, Ba, Sr, I .
Th, La, Ce, Nb, Ta, Zr, W, Mo, and K/Na, Rb/Sr.
La/Yb, Sr/Ca, and Th/U ratios in layas from
the volcanic front to rear arc (Fig. 19). In the
basic rocks, concentrations of P, F, Hf, Mg, Ni.
Cr, and sometimes Ti also increase in this direc-
tion. However, concentrations of Fe and V and
the values of K/Rb, Fe/Fe+Mg, and Fe’'/Fe3'in
lavas and the degree of volcanic series differ-
entiation decrease from frontal to rear-arc zone.
In intermediate and acidic lavas, concentra-
tions of Ca, Ti, Cu, Zn, Y, and Yb decrease as
well. It is noteworthy that concentration? of
most volatiles (H,O, F, Cl, S) increase across arc
and their proportions vary. For example, Fe/Cl
and F/B ratios increase (Pushcharovskiy.
1992).

Similar across-arc zoning is found in each
volcanic belt of Kamchatka. However, it is com-
plicated here by an increase in many incoherent
elements in lavas away from the modern vol-
canic front (Fig. 20). The main features of
across-arc geochemical zoning described for the
Kuriles and Kamchatka are typical of island
arcs and active continental margins (Gill,
1981).

Across-arc isotope zoning also is revealed in
the lavas of the Kurile segment of the island-arc
system. Thus, *’Sr/*Sr ratios in lavas distinctly
decrease from the volcanic front to rear-arc
(Fig. 21) (Vinogradov et al., 1986; Pushcha-
rovskiy, 1992). A similiar relationship is found
here also for '*Nd/"“*Nd ratios (Zhuravlev et
al., 1987).

Sr-isotope across-arc zoning corresponding
to the Kurile type has been found in certain
other island arcs: NE Honsu, Idzu-Ogosavara,
Fiji, Sulawesi, New Zealand, and East Aleutians
(Gill, 1981; Notsu, 1983; Notsu et al., 1983;
Kay and Kay, 1994). Across-arc mineralogical,
geochemical, and isotope zoning, which is com-
mon for island-arc volcanic series, is not found
for within-plate volcanic series” (see Fig. 20).

Along-arc geochemical zoning is observed in
the Kurile-Kamchatka island-arc system side by
side with across-arc zoning. However, it is not so
distinct and so regular as the latter and it is
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detected only for a few rare elements. Neverthe-
less, concentrations of Ba, Sr, Be, and B in
volcanics increase from the Southern Kuriles to
Northern Kuriles and South Kamchatka. How-
ever, Th concentration and Th/ U ratios in lavas
decrease in the same direction for the arc on the

whole, and this is especially ohvious for the
rear-arc zones (Puzankov et al., 1991).

The along-arc zoning is much more visible in
isotope composition of Sr (Vinogradov et al..
1986; Bailey et al., 1987; Zhuravlev et al., 1987:
Pushcharovskiy, 1992). “Be (Tera et al., 1989:
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Tsvetkov et al., 1991; Morris et al., 1993), H
(Taran et al., 1992), and 0 (Fig. 22). Minimum
’Sr/*Sr ratios are found in the Kurile segment
of the system and the very lowest ones in the
Central Kuriles. But they distinctly increase to
the north (toward Kamchatka) and to the south
(toward NE Hokkaido) where island-arc struc-
tures are situated on more consolidated base-
ment. A similar picture is characteristic of d“O
distribution; however, a clear maximum also is
observed in the Central Kuriles. The character
of variations in ""Be concentrations and dD
values is quite opposite to that of “Sr/“Sr
along the Kurile-Kamchatka island-arc system.
Volcanic rocks in Central Kuriles are rich in
"“Be and D, whereas on the flanks of the system
they are depleted in these isotopes.

The Nature of Zoning and the Problem
of Island-JIrc Magma Genesis

The author believes that the across-arc geo-
chemical and isotope zoning is caused bv the
inhomogeneity of mantle sources of magmatic
melts. This inhomogeneity probably results
from differences in deep fluids, which are sepa-
rated from the subducted plate and which take
part in the mantle wedge metasomatism and
magma genesis (Popolitov and Volynets. 1982:
Pushcharovskiy, 1992). UnJer the frontal- and
rear-arc zones fluids were separated from the
first and second layers of the subducted ocean-
crust and adjacent portion of the mantle wedge
(Tatsumi, 1986) at different temperatures and
pressures as a result of dehydration of variou-
water-containing minerals: predominantly
amphibole. 14A-clinochlore and serpentine
about 100 km beneath the volcanic front and
phlogopite and 7A-elinochlore about 190 km
beneath the rear-arc (Tatsumi, 1986; Avdeyko
et al., 1991). Beneath the rear-arc, fluids also
may be separated from the deeper part of the
subducted plate because of dehydration of ser-
pentinites from the third layer of oceanic crust
(Ringwood, 1990). Finally, the composition of
rising fluids depends on the prolongation on
their interaction with the mantle wedge before-
reaching the magma-generation area. The
capability of aqueous fluids to release man,
incompatible elements from the ultramafic sub-
strate and transport them has been demon-
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strated by experimental studies (Tatsumi et al.,
1986).

Fluids separated beneath the frontal zone
probably are closer to the composition of sea
water than those beneath the rear-arc zone,
which causes the across-arc Sr isotope zoning.
Low “Sr/“Sr ratios in combination with higher
Rb concentrations and Rb/Sr ratios in rear-arc
lavas indicate a geologically recent time of
enrichment of rear-arc mantle in Rb (and other
incompatible elements). This is in agreement
with Gill's model suggested on the basis of
short-lived isotopes in the Th-U-Ra geochemi-
cal system (Gill and Williams, 1990). Accord-
ing to this model, the processes of fluid
transport from the subducted plate to the man-
tle wedge, partial melting of the latter, and melt
ascent to the surface span a period less than
200-300 thousand years.

With respect to along-arc zoning, the afore-
mentioned tendencies in the distribution of Sr,

Be, H, and O isotopes may be interpreted to
result from contamination of mantle magmas
by the crustal material on the flanks of the
island-arc system. However, no correlation is
found between isotope and trace element com-
positions of volcanics, which suggests that
rocks from the ancient sialic basement are not
the only matter contaminating the primary
melts.

Island-arc magmas are generated in
metosomatically altered mantle. This is com-
firmed by findings in lavas of ultramafic inclu-
sions with chromian magnesian amphibole.
chromian, phlogopite, plagioclase, and also
complicated inclusions in which ultramafic
rocks associate with amphibolites and amphi-
bole gabbros. High alumina concentrations in
most island-arc lavas and Sr maxima present on
the spidergrams of hygromagmatophilic rare
elements also may indicate that plagioclase and
amphibole occur in the source o( island-arc
magmas. The deep Nb and Ta minima con-
stantly observed on such diagrams suggest that
these elements are not supplied into the island-
arc magma source with fluids. At the same time.
Nb and Ta concentrations in lavas distinctly
increase, by 1.5-3.0 times from the frontal to
rear-arc zone, which may indicate that low-
volume partial melts from the subducted plate
take part in metasomatism of the mantle wedge
in rear-arc zones. Finally, data on "Be contents
in Kurile-Kamchatka lavas show that a small
proportion of pelagic sediments from the sub-
ducted plate (or fluids separated by their
dehydration) also participate in island-arc
magma genesis. It also is striking geochemicai
evidence of the reality of the subduction
process.

The Problem of the Origin of
the Within-Plate Geochemical
Type in the Island-Arc System

Geochemicai data clearly indicate different
magma sources for volcanics of the island-arc
and within-plate geochemicai tvpes in the
Kurile-Kamchatka system. There are at least
two hypotheses explaining the generation of
volcanic rocks with high Nb and Ta concentra-
tions (and high Ti in basalts) in island-arc
systems. These rocks may be classified by their
geochemicai properties as within-plate.
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Ringwood (1990) proposed that the source of
magma enrichment in these elements is the
same subducted plate, the contribution of
which to the genesis of island-arc magmas
determines their main geochemical features.
The differences in Ti. Nb, and Ta concentra-
tions in island-arc and within-plate magmas is
caused by behavior of rutile, the main mineral-
concentrator of these elements at the level of
eclogite fades at depth.

In the region of island-arc magma genera-
tion, where depth to the subducted zone is
roughlv 100 km. the mantle wedge is meta-
somatized bv fluids or partial melts separated
from the subducted plate. Experiments (Tat-
surni et al.. 1986) have demonstrated that Nb
has a verv low solubilitv in aqueous fluid.
Consequently the fluid transport mechanism
cannot provide the enrichment of the mantle
wedge in this element (as well as in Ta and Ti).
Analogously enrichment in these elements also
is impossible at the expense of partial melts
from the subducted plate. Actually, such melts
must be acidic in composition under these P-T
conditions and, according to Ryerson and Wat-
son experiments (1987), must have low Ti,
Nb. and Ta concentrations because these ele-
ments remain in relict rutile. Therefore, island-
arc magmas generated in the mantle wedge are
depleted in Ti, Nb, and Ta compared to K, Rb,
Ba. Sr, and LREE.

At greater depths (150-300 km) partial melts
from the subducted plate must be less siliceous
in water-saturated conditions because of higher
temperatures. Rutile is better dissolved in inter-
mediate melts than in acid (Ryerson and Wat-
son. 1987) and it disappears here as a relict
phase. As a result, the partial melts from the
subducted plate are enriched in Ti, Nb, and Ta
and then, while ascending, these melts enrich
the mantle wedge in these elements. Accord-
ingly, the magmas that are generated here have
higher Ti, Nb, and Ta concentrations.

Another model (Nakamura et al., 1990) sug-
gests that the source of within-plate magmas is
complicated. It includes the matter from man-
tle plumes raised from great depths (may be
from the upper/lower mantle boundary) and
the depleted matter from the mantle wedge,
with which these plumes react.

It is obvious that in the case of Ringwood's
model, the magmas enriched in Ti, Nb, and Ta
have to be displayed in far rear-arc zones of the
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island-arc system and have to lag in time with
respect to initial (middle) stages of island-arc
volcanism. The model of Nakamura et al. does
not suppose such limitations. However, it is
vague until now why the mantle plumes ascend
and how island-arc and within-plate volcanism
must correlate in space and time.

Geologic data show that in the Kamchatka
case, only K-alkali basalt genesis may be
explained using Ringwood's model. In reality,
manifestations of these rock series occur in the
far rear zone of the Central Range volcanic belt
and correspond in time to the late stage of its
development. Data on place and time of man-
ifestation of K-Na alkali and subalkali lavas
from Kamchatka do not agree with Ringwood's
model. For example, in Eastern Kamchatka,
eruptions of K-Na within-plate-type basalts pre-
ceded the formation of the island-arc volcanic
belt. In the Central Range within-plate-type
lavas coexist with island-arc volcanics from the
Pliocene to Holocene and occur at practically
the same localities, although they are confined
to different structural elements.

The model for the evolution of the dynamic
regime in the Kamchatka segment of the Kurile-
Kamchatka island-arc system is shown in Figure
23. Probably, the presence of an inactive
("dead") subducted zone (joes not, prevent
deep mantle plumes from ascending (Late
Miocene-Holocene in the Central Range).
However, active subduction "cuts" off mantle
plumes from the mantle wedge and prevents
within-plate magmas from occurring in youth-
ful volcanic arcs (Late Pleistocene-Holocene in
Eastern Kamchatka). The ascent of mantle
plumes is stimulated by deep faults arising in
the continental block when a new deep-sea
trench and subduction zone are formed.

Conclusions

Among the Late Cenozoic volcanic rocks of
the Kurile-Kamchatka island-arc system, lavas
of the within-plate geochemical type occur
alongside dominant lavas of the ordinary island-
arc geochemical type. Geochemical data attest
that magma sources differ for within-plate and
island-arc volcanics and geologic data show that
the origin of these magma types is related to
different geodynamic processes.

Volcanic rocks of the island-arc geochemical
type occur within the entire Kurile-Kamchatka
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system, whereas volcanic rocks of the within-
plate geochemical type are found only in the
Kamchatka segment of the system, to the north
of Avacha Bay. The Kamchatka and Kurile seg-
ments of the system differ also in some geologic
and tectonic features. In the Kamchatka seg-
ment an en echelon system of volcanic belts is
observed, whereas in the Kurile segment there
is a single volcanic belt with clear frontal-arc
and rear-arc volcanic zones. Pliocene-Quater-
nary volcanism in the Kamchatka segment is
displayed solely in subaerial conditions,
whereas in the Kurile segment submarine volca-
nism occurs along with the subaerial variety.
Here, subaerial volcanoes dominate in the
frontal zone and submarine volcanoes in the
rear-arc zone. The history of geologic develop-
ment of the Kamchatka segment is longer and
more complicated than that of the Kurile seg-
ment. There are ample outcrops of the ancient
metamorphic basement in the Kamchatka seg-
ment, but these are absent in the Kurile
segment.

The aforementioned features of the Kam-
chatka segment make it possible to consider it
not as an island-arc but as an active continental
margin similar to the North American margin.
From this point of view, the Kurile-Kamchatka
island-arc system represents a combination of
double island-arc (Kurile segment, including
NE Hokkaido and Southern Kamchatka) and
active continental margin (that portion of
Kamchatka north of Avacha Bay).
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