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INTRODUCTION

Peculiar holocrystalline coarse- and giant-textured
olivine–anorthite enclaves in extrusive rocks from
many volcanoes of Kamchatka and the Kuril Islands
have been known since the studies of B.I. Piip (e.g.,
Piip, 1947). The first petrographic description and anal-
yses of minerals from these rocks were presented by
Sheimovich (1966) and Dubik (1969). These enclaves
were described under different names: gabbroid inclu-
sions (Piip, 1947; Sheimovich, 1966; Dubik, 1969), oli-
vine anorthosite (Selyangin, 1974), allivalite (Rodion-
ova and Fedorchenko, 1971; Masurenkov, 1974), and
olivine–anorthite rocks (Volynets et al., 1978).
Enclaves of olivine–anorthite rocks proper associate
with various pyroxene–olivine–plagioclase gabbroids,
including eucrites, troctolites, amphibole gabbros, etc.
This is probably why Bogoyavlenskaya and Erlikh
(1969) described an olivine–pyroxene–anorthite
enclave as an anorthositic microtinite (pyroxene was
misidentified as glass).

Although the term allivalite (Harker, 1909) was pro-
posed for the rocks described in the layered intrusion of
the Isle of Rhum, Scotland, this name has been used in
the literature for olivine–anorthite rocks, in particular,
for crystalline enclaves in the volcanic rocks of Kam-
chatka. Allivalites differ from troctolites (e.g., Lund-
gaard et al., 2002) in that they (1) contain the assem-
blage of calcic plagioclase (

 

An

 

 > 90) and iron-rich oli-
vine (

 

Fo

 

 < 81) and (2) show very small variations in

mineral compositions within a single sample (by 2–3 in
anorthite or forsterite number).

Allivalites were described in many volcanoes of
Kamchatka: Kikhpinych, Ksudach, Kambal’nyi,
Il’inskii, Zheltovskii, Koshelevskii, Mutnovskii, Malyi
Semyachik, and Karymskii (Grib, 1997; Volynets et al.,
1978 and references therein; Selyangin, 1980) and the
Greater Kuril arc: Mendeleev, Kudryavyi, calderas of
Golovnin, Nemo, and Zavaritskii (Masurenkov, 1974),
Tao-Rusyr, and Ebeko (Dril’, 1988). Similar rocks were
reported from the outer zones of volcanic arcs of north-
ern Japan: Miyakejima, Nekoma, Rishiri, and Akagi
(Amma-Miyasaka and Nakagawa, 2002; Ishikawa,
1951). Large blocks of the gabbro–allivalite associa-
tion, up to several hundred kilograms in weight, were
found in the Lesser Antilles (Arculus and Willis, 1980).

All allivalites were reported from volcanoes of
front-arc areas (Frolova et al., 2000; Amma-Miyasaka
and Nakagawa, 2002), whose general feature is the
presence of low-potassium island-arc tholeiites among
the eruption products (Frolova et al., 2000). Allivalites
occur mainly among tephras and volcanics of rhyolitic,
rhyodacitic, and, occasionally, andesitic compositions
(Volynets et al., 1978; Frolova et al., 2000), whereas the
basalts contain glomerophyric intergrowths of olivine
and plagioclase.

In addition to allivalites, the volcanics of the Kuril–
Kamchatka arc contain enclaves of various anorthite-
bearing gabbroids, which are referred to as the gabbro–
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Abstract

 

—In this paper we address allivalites, coarse- and giant-textured olivine–anorthite rocks occurring as
separate blocks in the eruption products of many volcanoes from the frontal part of the Kuril–Kamchatka arc.
New data are reported on the petrography, mineralogy, and composition of melt inclusions in minerals from ten
allivalite samples from Ksudach, Il’inskii, Zavaritskii, Kudryavyi, and Golovnin volcanoes. The crystallization
temperatures of allivalite minerals were estimated as 970–1080

 

°

 

C at a melt water content of 3.0–3.5 wt % and
oxygen fugacity NNO = 1–2. A genetic link was established between the compositions of melt inclusions and
interstitial glasses in allivalites and volcano rocks. The cumulate nature of allivalites was demonstrated. Using
mass balance calculations, the degree of fractionation of primary melts during the formation of cumulate layers
was estimated for various volcanoes as 22–46%.
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allivalite association (Ermakov and Pecherskii, 1989).
For instance, amphibole–anorthite rocks chemically
similar to allivalites were found in Avacha, Uspenskii,
and Mount Ostraya volcanoes; in the Miocene andes-
ites of Paramushir (described by V.A. Ermakov); and
high-Al basalts of the Tatun Volcano group in northern
Taiwan (Chen, 1978). The occurrence of gabbro–
allivalites and their association with other types of crys-
talline enclaves from the volcanoes of the Kuril–Kam-
chatka arc were considered by Ermakov et al. (1987)
and Ermakov and Pecherskii (1989). The scope of this
paper is limited to allivalites.

The investigation of the compositions of melt inclu-
sions in olivines and plagioclases from the allivalites of
four volcanoes of the Kuril–Kamchatka island arc
revealed a genetic link between allivalites and their host
extrusive rocks, established the cumulate nature of
allivalites, and allowed estimation of the temperature of
simultaneous crystallization of the minerals of the oliv-
ine–plagioclase association as 

 

1050–1100°ë

 

 (Frolova
et al., 2000). Frolova et al. (2000) supposed that
allivalites could be formed by the fractionation of 7–8%
olivine and anorthite from an initial water-rich (1.5–
2.0 wt % 

 

H

 

2

 

O

 

) melt, whose evolution led to the forma-
tion of extrusive series of the respective volcanoes of
Kamchatka and the Kuril Islands.

This paper reports a detailed description of the min-
eralogy of allivalites, their classification, and possible
mechanisms of the formation of these rocks. New data
were obtained by the investigation of melt inclusions in
olivine from ten samples of allivalites of various mor-
phological types from Ksudach, Il’inskii, Zavaritskii,
Kudryavyi, and Golovnin volcanoes. New analyses
were reported for the major minerals, homogenized
melt inclusions, daughter mineral phases in crystallized
melt inclusions, and groundmass glasses of allivalites.
The obtained results were used to evaluate the existing
hypotheses of allivalite formation, confirm their cumu-
late genesis, and estimate their formation conditions.

METHODS

Thermometric experiments with a visual control
were carried out at the Vernadsky Institute of Geochem-
istry and Analytical Chemistry, Russian Academy of
Sciences using a low-inertia microscopic heating stage
designed by Sobolev and Slutsky (Sobolev et al., 1980).
Standard procedures described by Portnyagin et al.
(2005) were used.

Quenching experiments on the partial homogeniza-
tion of inclusions (Danyushevsky et al., 2002a) were
conducted at the laboratory of experimental petrogra-
phy of Moscow State University in an electric furnace
with SiC heating elements. Olivine grains, 0.5–1.0 mm
in size, were loaded into ceramic crucibles together
with graphite crumbs, which imposed external redox
conditions at the level of the CCO buffer and prevented
grain oxidation at high temperatures. The experiment

duration was no longer than 10 min at temperatures
higher than 

 

1000°ë

 

 in order to prevent significant water
losses from melts in the inclusions. The samples were
quenched at 

 

1200°ë

 

 in water. After quenching, grains
containing melt inclusions no less than 20 

 

µ

 

m in size
were picked out and polished until the inclusions were
exposed on the surface.

The compositions of minerals and melt inclusions
from allivalites were determined using a Camscan-4DV
electron microscope equipped with a LinkSystem-
10000 energy-dispersive system (petrology chair, Mos-
cow State University; analysts E.V. Guseva and
N.N. Korotaeva) at an accelerating voltage of 15 kV.
Mineral phases were analyzed with a focused electron
beam (

 

3 

 

×

 

 3

 

 

 

µ

 

m), and glasses from inclusions and
groundmass were analyzed by scanning over an area of
at least 

 

10 

 

×

 

 12

 

 

 

µ

 

m. Images were recorded in a back-
scattered mode at an accelerating voltage of 20 kV.

The content of water in glasses was determined by
secondary ion mass spectrometry using a Cameca-
ims4f ion microprobe at the Institute of Microelectron-
ics and Informatics, Russian Academy of Sciences
(Yaroslavl). The analytical procedure was described by
Sobolev (1996).

OBJECTS

The allivalite samples studied here were taken from
the following volcanoes of the Kuril–Kamchatka island
arc: Ksudach, Il’inskii (southern part of the Kamchatka
Peninsula), Zavaritskii (Simushir I.), Kudryavyi within
the Medvezh’ya caldera (northeastern part of Iturup I.),
and Golovnin (southern end of Kunashir I.) (Fig. 1,
Table 1). All of the volcanoes occur in a frontal position
relative to the trench and have complex and prolonged
histories, including the formation of calderas and post-
caldera activity. Their extrusive rocks form a continu-
ous series from basalt to dacite. Allivalite nodules usu-
ally occur in intermediate and silicic pyroclastic rocks,
occasionally in lavas. Most allivalite finds are related to
large caldera-forming eruptions (Volynets et al., 1978;
Selyangin, 1987; Frolova et al., 1988, 1989).

Allivalite enclaves have often irregular (small-frag-
ment, block, and flattened) and, occasionally, spherical
shapes. The fragments vary in size from 1 cm to 0.5 m
and are usually surrounded by a film of dark glassy
material.

The structures of allivalites are diverse, including
massive, banded, and taxitic ones. Banded and taxitic
structures develop when the rock is separated into
zones with different proportions of plagioclase and oli-
vine and different grain-size characteristics.

The internal structure of allivalites is very diverse.
Several main textural types can be distinguished. (1)
Allivalites with cumulate-textured olivine and plagio-
clase are rather common (Ksudach, Il’inskii, Zavar-
itskii, and Golovnin volcanoes) (Figs. 2a, 2c, 2e). The
samples often disintegrate, because they are composed
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of separate crystals varying in size from a few millime-
ters to 2–3 cm almost without a cementing groundmass.
With respect to the size of olivine and plagioclase
grains, the cumulate aggregates of allivalites can be
subdivided into equigranular and porphyritic varieties.
The interstices between the minerals and fractures in
them are often filled with a partly crystallized brown
volcanic glass containing plagioclase, pyroxene, and
titanomagnetite microlites and rounded pores (Figs. 2i–2k).
The glass is unevenly distributed in the enclaves.
(2) Some enclaves (Kudryavyi Volcano) are concentri-
cally zoned (Figs. 2b, 2d, 2f). Their central part is made
up of large (2–5 mm) subhedral crystals of olivine and
plagioclase. The outer zone is composed of large pla-
gioclase grains (up to 1–2 mm in size) with randomly
distributed small rounded olivine grains, up to 0.1 mm
in diameter (Figs. 2d, 2f). Plagioclase and olivine
sometimes form banded and reticulate intergrowths.
(3) There are also porphyritic rocks with large (up to
10–15 mm) plagioclase and olivine phenocrysts in a
fine-grained groundmass (Ksudach Volcano) (Volynets,
1978).

Frolova et al. (1989) reported evidence for melting
in the marginal zones of allivalite blocks from Zavar-
itskii Volcano, including frosting on some pyroxene

grains. We did not observe clear indications for the
melting of allivalite minerals, but the concentrically
zoned allivalites from Kudryavyi Volcano are sur-
rounded by a cryptocrystalline rim zone, 2–5 mm wide,
which contains small crystals of clinopyroxene and
magnetite and large (up to 2–3 mm) zoned phenocrysts
of plagioclase (64–74% 

 

An

 

) (Fig. 2l). In general, the
rim around the allivalites has an andesitic composition
(63 wt % 

 

SiO

 

2

 

, see below) (Table 4).

MINERALOGY OF ALLIVALITES

The major minerals of allivalites are plagioclase
(

 

An

 

88–97

 

) and olivine (

 

Fo

 

69–81

 

); clinopyroxene and tita-
nomagnetite were observed in some samples. Minor
amounts of orthopyroxene and amphibole may be
present (Ksudach and Il’inskii volcanoes). Partly crys-
tallized brownish glass is common. It fills voids
between the minerals and fractures in them. The pro-
portions of minerals vary considerably among samples
from a single volcano. Plagioclase is usually the most
abundant mineral.
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 (a) Area of occurrence of Recent low-potassium volcanics in the Kuril–Kamchatka island arc (Piskunov, 1976). (1) Area of
occurrence of tholeiitic rocks, (2) line separating the rocks of tholeiitic and alkali olivine basalt types, and (3) volcanoes investigated
in this study. Classification diagrams (b) (K

 

2

 

O + Na

 

2

 

O)–q (Piskunov, 1976) and (c) K

 

2

 

O–SiO

 

2

 

 for the petrochemical series of
(1) Ksudach, (2) Il’inskii, (3) Zavaritskii, (4) Kudryavyi, and (5) Golovnin volcanoes. The parameter 

 

q

 

 reflects the excess (deficit)
of silica necessary for the formation of the most saturated minerals: 

 

q

 

 = 60[SiO

 

2

 

 + TiO

 

2

 

 + Fe

 

2

 

O

 

3 

 

– FeO – MnO – MgO – CaO –
Al

 

2

 

O

 

3

 

 – 5(Na

 

2

 

O + K

 

2

 

O)]/1000 (%), where oxides are in molar amounts (Piskunov, 1976).
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Table 1.

 

  Compositions of olivine and plagioclase from the allivalite samples

Volcano Sample no. Range of olivine com-
position, 

 

Fo

 

 mol %

Average composition 
of olivine,

 

 
Fo

 

 mol % 

 

±

 

 standard 
deviation

Range of plagioclase 
composition,
 

 

An

 

 mol %

Average composition 
of plagioclase, 

 

An

 

 mol % 

 

±

 

 standard 
deviation

Ksudach Ks-1 74.8–75.9 (21) 75.5 

 

±

 

 0.3 92.0–93.8 (7) 92.9 

 

±

 

 0.7 

Ksud-2 78.7–79.9 (16) 79.5 

 

±

 

 0.5 94.3–96.4 (13) 95.3 

 

±

 

 0.6 

Ks-3 79.7–80.8 (20) 80.4 

 

±

 

 0.3 92.5–94.6 (10) 93.7 

 

±

 

 0.7 

Il'inskii Si-5 78.6–78.9 (2) 78.7 

 

±

 

 0.2 88.0–91.4 (9) 89.6 

 

±

 

 1.2 

Zavaritskii C-305/7 77.8–79.7 (22) 78.8 

 

±

 

 0.5 93.4–95.8 (10) 94.4 

 

±

 

 0.9 

Kudryavyi Kudr-1 77.0–79.0 (8) 78.3 

 

±

 

 0.7 93.8–96.0 (10) 95.0 

 

±

 

 0.7 

Kudr-E-03 78.7–80.1 (12) 79.6 

 

±

 

 0.5 92.2–95.2 (7) 94.1 

 

±

 

 1.2 

Golovnin 115a 75,0–76.5 (12) 75.8 

 

±

 

 0.5 95.5–97.0 (2) 96.2 

 

±

 

 0.4 

6636/gp-15 69.2–71.1 (10) 69.9 

 

±

 

 0.5 93.6–96.1 (12) 94.4 

 

±

 

 0.7 

 6636/gp-18 77.7–79.5 (9) 78.5 

 

±

 

 0.6 95.4–97.1 (14) 96.2 

 

±

 

 0.4

 

Note: Numbers of analyses are given in parentheses next to the ranges of mineral compositions.

 

Plagioclase

 

Plagioclase accounts for 50–90% of the rocks and
forms isometric, tabular, or, occasionally, anhedral
grains ranging from a few millimeters to a few centime-
ters in size. Glomerocrystalline clots of large plagio-
clase or plagioclase and olivine grains are widespread.
Large plagioclase phenocrysts often contain small
rounded olivine inclusions (Figs. 2g, 2h). Olivine phe-
nocrysts contain small crystalline inclusions of plagio-
clase, whose composition is identical to the composi-
tion of plagioclase phenocrysts from the same sample
(Fig. 6).

Despite the complex structure of allivalites, the
composition of plagioclase from a single sample is
almost constant (anorthite number varies by 1–3)
(Table 1). The plagioclases of allivalites are unzoned,
and their composition corresponds to anorthite (

 

An

 

88–97

 

)
(Tables 1, 2; Fig. 3a). In contrast, plagioclase phenoc-
rysts from the host volcanics (basalts and andesites) are
distinctly zoned. For instance, plagioclase phenocrysts
from the basalts of Golovnin Volcano have composi-
tions of 

 

An

 

69–95

 

.
The plagioclase grains show polysynthetic twin-

ning; there are bending and displacement of twins and
block extinction of grains, which may indicate mechan-
ical stresses after the crystallization. Small gas inclu-
sions and inclusions of dark-colored minerals were
observed along cleavage surfaces.

 

Olivine

 

Olivine forms isometric or rounded subhedral
grains, from 0.2 mm to several millimeters or even cen-
timeters in size, and its content in the rocks ranges from
a few percent to 35–40%. It occurs as individual grains,
glomerocrystalline clots with plagioclase and clinopy-
roxene, and small rounded inclusions in plagioclase.

Some olivine grains contain inclusions of magnetite
and, very rarely, chrome spinel. Olivine from sample
Kudr-E-03 contains small (20–50 

 

µ

 

m) rounded inclu-
sions of clinopyroxene (

 

En

 

39–44

 

Fs

 

10–14

 

Wol

 

46–48

 

) and pla-
gioclase (

 

An

 

92–95

 

).

Olivine grains from allivalites are not zoned. Within
any sample, the forsterite number of olivine varies
within 1–3, but olivine composition may be signifi-
cantly different between samples from a single volcano
(Tables 1, 2; Fig. 3a). The most common olivine com-
position is 

 

Fo

 

78–81

 

, although more fayalitic olivines (up
to 

 

Fo

 

69

 

) were detected in some samples (Ksudach and
Golovnin volcanoes).

 

Clinopyroxene

 

Clinopyroxene occurs in amounts up to 10 vol %
in the allivalites and forms anhedral grains, up to
several millimeters in size. The grain boundaries are
rugged and resorbed. The clinopyroxene is pleoch-
roic in green shades in thin sections. Clinopyroxene
in samples from different volcanoes shows different
compositions: 

 

En

 

43–44

 

Fs12–13Wo44–45 in Golovnin Vol-
cano, En32−34Fs22–23Wo41–46 in Kudryavyi Volcano,
and En42−44Fs11−12Wo45–46 in Ksudach Volcano
(Table 2, Fig. 4).

Orthopyroxene

Orthopyroxene occurs as individual grains in some
allivalite samples. Its composition in the allivalites of
Golovnin Volcano (En72Fs26Wo3) is similar to that of
phenocrysts from the host basalt (En64–69Fs27–33Wo3–4)
(Tables 2, 3).
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3

Fig. 2. Textural and structural features of allivalites. (a) Allivalite enclave (sample Ksud-2 from Ksudach Volcano) with plagioclase
and olivine crystals forming a cumulate porphyritic texture. (b) Concentrically zones allivalite enclave (sample Kudr-1, Kudryavyi
Volcano): 1—zone of pegmatoid plagioclase, 2—zone of closely intergrown olivine and plagioclase, and 3—zone of thermal alter-
ation. (c) Allivalite (sample Ks-1, Ksudach Volcano) in cross-polarized light, magnification ×2.5. (d) Concentrically zoned allivalite
enclave (sample Kudr-1, Kudryavyi Volcano) consisting of large euhedral olivine and plagioclase crystals in the center and a rim of
intergrown olivine and plagioclase; cross-polarized light. (e) Back-scattered electron image of allivalite (sample Ks-1, Ksudach Vol-
cano). (f) Back-scattered electron image of allivalite (sample Kudr-1, Kudryavyi Volcano) exhibiting a transition from the coarse-
grained zone to the zone of close intergrowth of olivine and plagioclase. (g) Rounded inclusion of olivine in plagioclase (sample
115a, Golovnin Volcano); cross-polarized light. (h) Rounded inclusions of olivine in large plagioclase grains (sample 6636/gp-15,
Golovnin Volcano); cross-polarized light. (i) Back-scattered electron image of crystallized interstitial glass (sample Ksud-2, Ksu-
dach Volcano). (j) Back-scattered electron image of an allivalite fragment (sample Kudr-1, Kudryavyi Volcano) with partly crystal-
lized glass. (k) Back-scattered electron image of crystallized glass between olivine grains (sample 115a, Golovnin Volcano). (l) Pla-
gioclase phenocryst replaced by a cryptocrystalline aggregate with 90–95 wt % SiO2 and surrounded by a fine-grained material of
andesitic composition from a mantle around allivalite (sample Kudr-E-03, Kudryavyi Volcano).
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(j)

Titanomagnetite

Minor amounts of titanomagnetite were found in
allivalites. It forms individual isometric or angular
grains, up to 100 µm in size, and often occurs as inclu-
sions in olivine and clinopyroxene. The compositions
of titanomagnetite are shown in Table 2. There is no

evidence for the unmixing of the titanomagnetite solid
solution.

Chrome Spinel

Chrome spinel is not a characteristic mineral of
allivalites, in contrast to the basalts of the same volca-

CamScan MSU 00001 300 µm CamScan MSU 00006 100 µm

CamScan MSU 00008 30 µm CamScan MSU 00001 100 µm
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Fig. 3. (a) Compositional ranges of olivine (Fo, mol %) and
plagioclase (An, mol %) for particular allivalite samples
from the Kuril–Kamchatka island arc. The symbols corre-
spond to arithmetic mean values. Samples from a single vol-
cano are connected by lines. (b) and (c) Compositions of
allivalites after Bogoyavlenskaya and Erlikh (1969), Voly-
nets et al. (1978), Dril’ (1988), Selyangin (1974), Frolova et
al. (2000), and Sheimovich (1966) and average composi-
tions of minerals and interstitial materials from the allivalite
samples studied by us.

noes. Prikhod’ko et al. (1977) reported a finding of
chrome spinel in allivalites from Ksudach Volcano. We
observed rare inclusions of chrome spinel in olivine
grains from samples Ks-3 (Ksudach Volcano) and
6636/gp-18 (Golovnin Volcano) and much more abun-
dant chrome spinel in olivine of the same fayalite num-
ber from the basalts of Golovnin Volcano (samples
116a and 6636/gp-5). Chrome spinel occurs as isomet-
ric crystals, 20–50 µm in size, sometimes surrounded
by thin melt films (Figs. 5a, 5b). Oxygen fugacity was

calculated on the basis of the olivine–chrome spinel
equilibrium (Ballhaus et al., 1991) (Fig. 5c). The 
values of both the basalts and allivalites appeared to
correspond to oxidizing conditions between NNO + 1
and NNO + 2. The compositions of chrome spinel from
the allivalites and basalts are given in Tables 2 and 3,
respectively.

Volcanic Glass

Brown glass fills interstices between minerals and
microscopic fractures in rocks and sometimes forms
crusts around individual nodules (Kudryavyi Volcano).
It has a vesicular, slaglike, or massive structure
(Figs. 2i–2k) and is mostly crystallized to skeletal, den-
dritic, and isometric crystals of plagioclase, clinopy-
roxene, and magnetite cemented by a small amount of
glass. The compositions of microlites from the glass are
significantly different from those of major minerals in
allivalites (Table 4). Plagioclase in the glass is much
more sodic than plagioclase phenocrysts, its composi-
tion corresponds to labradorite–bytownite (An58–77) and
contains more iron (0.9–1.85 wt %) than plagioclase
from allivalites (0.4–0.9 wt %) (Fig. 6).
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Fig. 4. Compositions of clinopyroxene from allivalites.
(a) Total Al content as a function of Si. (b) Contents of Fe3+

calculated from the stoichiometry as a function of Si. Fields
of clinopyroxene compositions from various volcanics of
Kamchatka (our data): 1, phenocrysts; 2, microlites; and
3, solid inclusions and daughter phases in melt inclusions.
The compositions are given in atomic formula units (f.u.)
calculated for 6 oxygen atoms.

Al, f.u.
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Fig. 5. Solid inclusions of chrome spinel in olivine from (a) the allivalite of Golovnin Volcano and (b) the basalt of Golovnin Vol-
cano. (c) Oxygen fugacity estimated on the basis of chrome spinel–melt equilibrium (Ballhaus et al., 1991).

The groundmass of allivalite from the Golovnin Vol-
cano is completely crystallized (Fig. 2k). The main
minerals are subcalcic clinopyroxene and plagioclase
(Table 4).

Partly crystallized glass occurs in the central parts of
allivalite nodules from Kudryavyi Volcano in the inter-
stices between minerals. It contains skeletal crystals of
clinopyroxene and plagioclase and residual glass
(Table 4).

MELT INCLUSIONS 
AND THEIR DAUGHTER PHASES

The abundance of melt inclusions in the minerals of
allivalites was mentioned by many authors (Selyangin,
1975; Anan’ev and Shnyrev, 1984; Frolova et al.,
2000). Melt inclusions were found in all major minerals

of allivalites. Glassy inclusions occur in plagioclase
grains as tiny droplets along cleavage fractures. In cli-
nopyroxene grains, inclusions are rare; they have
rounded shapes and sizes of 10–30 µm.

All primary melt inclusions in olivine are nearly
spherical in shape and are partly crystallized. They
appear as dark hairy clots in transmitted light. The
back-scattered electron images of representative melt
inclusions from sample C-305/7 are shown in Fig. 7.
Residual glass occurs in all of the inclusions.

Daughter Minerals in Melt Inclusions

With respect to the association of daughter phases,
the inclusions can be subdivided into several types. The
inclusions of the first type (Fig. 7a) contain daughter
clinopyroxene, which rims the inclusion walls and
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Fig. 6. Compositions of plagioclase from allivalites.
(1) Field of plagioclases from the volcanic rocks of Kam-
chatka (our data) and Japan (Amma-Miyasaka and Naka-
gawa, 2002) and (2) field of plagioclasees from high-tem-
perature eclogite and granulite complexes (V.O. Yapaskurt,
Moscow State University (MSU) unpublished data).

forms spear-shaped crystals within the inclusions. The
inclusions of the second type (Fig. 7b) contain dendritic
daughter crystals of amphibole. The daughter phase of
inclusions of the third type is represented by plagio-
clase microlites (Fig. 7c) cemented by amphibole den-
drites and glass. We observed inclusions transitional
between the first and second types; they contain cli-
nopyroxene crystallizing on the walls and dendritic
amphibole overgrowing the clinopyroxene.

The average compositions of daughter phases are
given in Table 5. The clinopyroxene is extremely
depleted in silica (up to 37.5 wt % SiO2) and enriched
in aluminum, iron, and titanium at the expense of
Tschermak end-members. Anan’ev and Shnyrev (1984)
misinterpreted this clinopyroxene as garnet on the basis
of microprobe analyses only. The mineral forms
wedge-shaped crystals and displays birefringence and
oblique extinction. The high contents of Ca-Tschermak
and essenite components are characteristic of daughter
clinopyroxene crystals in inclusions in olivine (Port-
nyagin et al., 2005) and related to the metastable condi-
tions of clinopyroxene growth within the inclusions,
while plagioclase nucleation was suppressed. Figure 4
compares the compositions of daughter clinopyroxenes
from melt inclusions in olivine from the volcanic rocks
of Kamchatka with those of clinopyroxene phenocrysts
and microlites. The compositions of all clinopyroxenes
from allivalites form a regular sequence, with daughter
clinopyroxenes at one extreme with up to 54% of the
Ca-Tschermak end-member. Similar clinopyroxene
compositions with 52–54% of the Ca-Tschermak com-
ponent were reported from experiments (Sack and Car-
michael, 1984; Gee and Sack, 1988). We believe that
such high contents of the Ca-Tschermak component in
experiments also reflect the metastable conditions of
clinopyroxene crystallization.

Another characteristic daughter mineral in melt
inclusions from allivalites is amphibole. It forms den-
drite-like and fanlike intergrowths sometimes over-
growing clinopyroxene. We described several inclu-
sions containing both plagioclase and amphibole
(Fig. 7c), and plagioclase crystallized in them before
amphibole. Perhaps, conditions favorable for amphib-
ole crystallization in the inclusions developed owing to
water enrichment during crystallization, which, on the
one hand, suppresses plagioclase crystallization
(Pletchov and Gerya, 1998) and, on the other hand, pro-
motes the appearance of amphibole as a hydrous min-
eral. Thus, the presence of amphibole in partly crystal-
lized inclusions indicates high water contents in their
melts.

Similar to the daughter clinopyroxene crystals, the
daughter amphibole is rich in Al2O3 and CaO and con-
tains significant amounts of Na2O and K2O. According
to the IMA classification (Leake et al., 1997), the com-
positions of these amphiboles correspond to the tscher-
makite–pargasite series (Table 5). It is usually thought
that the tschermakite component in amphibole is indic-
ative of high pressures (Anderson and Smith, 1995), but
in the case considered, the high tschermakite content of
amphibole was due to its metastable crystallization
rather than high pressures, which is similar to the
daughter clinopyroxenes described above.

Method of Reconstructing the Compositions 
of Initial Allivalite Melts

The compositions of initial melts for the allivalites
were estimated on the basis of the analyses of melt
inclusions in olivine (Table 6). For this purpose, we
used homogenized primary melt inclusions, no smaller
than 20 µm in size and without indications for decrepi-
tation and oxidation (Fig. 7d).

The melt inclusions were experimentally heated to
the temperatures of the complete melting of daughter
phases. These temperatures may be both lower and
higher than the real temperatures under which the
inclusions were trapped, which resulted in significant
variations in the amount of olivine removed from the
inclusion walls during the experiments and deviations
of the compositions of the quenched inclusions from
those of the initial melts. In particular, this is suggested
by the considerable scatter of FeOtot in the inclusions
(10–18 wt %), which is much higher than the FeOtot
variations in the basalts of the Kuril Islands and Kam-
chatka. Therefore, the measured compositions of inclu-
sions reflect local melt–olivine equilibrium at the inclu-
sion boundary under experimental temperatures and
cannot be directly interpreted as the compositions of
the initial melts that produced the allivalite mineral
assemblage.

The interpretation of the compositions of experi-
mentally quenched melt inclusions is a common prob-
lem in petrological investigations (e.g., Danyushevsky

in olivine
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(a) CamScan MSU 00013 10 µm

Olivine
Plagioclase

(b) CamScan MSU 00011 30 µm

(c) CamScan MSU 00011 10 µm (d) CamScan MSU 00054 30 µm

Clinopyroxene Gas vesicle

Glass

Glass

Gas vesicle

Gas vesicleAmphibole
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Fig. 7. Melt inclusions in olivine from allivalites. (a)–(c) Partly crystallized inclusions consisting of (a) clinopyroxene and glass;
(b) amphibole and glass; and (c) plagioclase, amphibole, titanomagnetite, and glass. (d) Partly homogenized inclusion after a ther-
mometric experiment.

et al., 2000; Portnyagin et al., 2005). In order to recon-
struct melt compositions, Danyushevsky et al. (2000)
proposed a method based on the numerical modeling of
equilibrium between trapped melt and host olivine and
independent estimation of the initial content of FeO in
the inclusions from rock compositions (Danyushevsky
et al., 2000) or modeling diffusion zoning in olivine
around the inclusions (Danyushevsky et al., 2002b;
Portnyagin et al., 2005). The contents of FeOtot in
allivalites cannot be considered identical to those in the
initial compositions of inclusions, because the bulk
compositions of allivalites are controlled mainly by the
proportions of plagioclase and olivine in the cumulate
and do not correspond to melt compositions (Figs. 3b,
3c). The alternative approach of modeling diffusion
zoning is also inapplicable to inclusions in allivalites,
because they do not show a loss of FeOtot related to

reequilibration with olivine but gain FeOtot owing to the
melting of excess olivine during the experiment. Thus,
both the methods are not appropriate for the inclusions
considered in this study.

We propose a method for the estimation of the com-
position of melt inclusions by postulating simultaneous
olivine and plagioclase crystallization during melt
entrapment and independently determining H2O con-
tent in the inclusions.

The composition of an inclusion recalculated to
equilibrium with the host olivine must satisfy the
requirement of its equilibrium with plagioclase at the
same temperature. Figure 8a shows by the example of
the average compositions of melt inclusions from sam-
ple Ks-3 that the requirement of cotectic equilibrium
with olivine and plagioclase can be satisfied in a dry
system (0 wt % H2O) only for a composition with the
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initial FeOtot = 13.5 wt %. The presence of H2O exerts
a stronger influence on the liquidus temperature of pla-
gioclase than olivine (e.g., Danyushevsky et al.,
2002b), and the cotectic composition is shifted in
hydrous melts toward plagioclase, i.e., to lower FeO
and MgO contents (Fig. 8b). If the melt H2O content is
known, the cotectic composition and equilibrium tem-
perature can be unambiguously determined (Fig. 8c).
Thus, the proposed approach provides a means to
reconstruct the initial composition of melt inclusions in
olivine and crystallization conditions at known melt
H2O contents, if the simultaneous crystallization of oli-
vine and plagioclase during the inclusion entrapment is
demonstrated. The accuracy of the method is limited
only by the adequacy of existing numerical models for
the description of olivine–plagioclase–melt equilib-
rium in the presence of variable amounts of H2O
(Fig. 8).

The presence of cumulate textures formed mainly
by olivine and plagioclase and inclusions of one min-
eral in the other provide compelling evidence for the

cocrystallization of plagioclase and olivine during
allivalite formation (Fig. 2). The measured maximum
H2O contents in the inclusions from various samples
are stable (3.0–3.5 wt %; Table 6) and probably close to
the initial contents during the entrapment of these
inclusions. Thus, both the requirements necessary for
the application of our method are satisfied in the case of
allivalites, and the initial compositions of inclusions
can be reconstructed with high confidence. Cotectic
compositions at 3.0–3.5 wt % H2O were calculated for
the average compositions of inclusions from each sam-
ple (Table 7, Fig. 10). The compositions of melt inclu-
sions were corrected by the method of reverse fraction-
ation to equilibrium with their host minerals (Danyush-
evsky et al., 2002b) at FeOtot values determined by the
above-described method (using the model of olivine–
melt equilibrium by Ford, 1983) and an oxygen fugac-
ity of NNO + 1. The corrected compositions of melt
inclusions are given in Table 8. They fall within the
range 45–55 wt % SiO2 and 4.2–9.0 wt % MgO and
reflect the wide range of olivine composition (Fo69−81).

Table 3.  Compositions of phenocrysts from the basalts of Golovnin Volcano, wt %

Sample no. SiO2 TiO2 Al2O3 FeOtot MnO MgO

Olivine

116/1g (54) 38.68 (0.93) – – 20.39 (4.05) 0.30 (0.11) 39.99 (3.27)

6636/gp-5 (9) 38.73 (0.28) – – 20.17 (0.62) 0.41 (0.06) 39.01 (0.49)

 Plagioclase

116/1g (8) 47.0 (3.89) – 32.43 (3.10) 1.00 (0.59) – 0.10 (0.09)

Clinopyroxene

6636/gp-5 (1) 52.34 0.15 2.42 6.32 0.31 15.68

Orthopyroxene

116/1g (3) 52.07 (1.31) 0.20 (0.07) 1.16 (0.27) 21.95 (5.09) 0.51 (0.13) 20.94 (5.16)

Chrome spinel

116/1g (5) – 1.10 (0.83) 28.41 (2.98) 36.86 (5.62) 0.14 (0.07) 10.91 (1.40)

6636/gp-5 (3) – 4.04 (1.6) 13.13 (2.63) 64.68 (8.13) 0.31 (0.30) 6.68 (0.86)

Sample no. CaO Na2O K2O Cr2O3 NiO Total Mg# 
or An mol %

Olivine

116/1g (54) 0.19 (0.06) 0.11 (0.09) 0.02 (0.02) – – 99.87 (0.08) 77.7 (5.0)

6636/gp-5 (9) 0.15 (0.03) 0.25 (0.10) 0.02 (0.02) – – 98.81 (0.10) 77.5 (0.8)

Plagioclase

116/1g (8) 17.25 (3.26) 1.74 (1.70) 0.09 (0.06) – – 99.84 (0.06) 84.4 (15.3)

Clinopyroxene

6636/gp-5 (1) 22.14 0.37 – 0.26 – 99.99 81.6

Orthopyroxene

116/1g (3) 2.74 (1.62) 0.12 (0.05) 0.02 (0.02) – – 99.82 (0.04) 62.4 (11.6)

Chrome spinel

116/1g (5) 0.05 (0.02) 0.10 (0.12) 0.02 (0.03) 21.98 (2.78) 0.12 (0.04) 99.83 (0.09)

6636/gp-5 (3) 0.09 (0.08) 0.21 (0.05) 0.01 (0.02) 9.01 (6.62) – 98.31 (0.42)
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Table 4.  Compositions of minerals and glass from the groundmass of allivalites, wt %

Sample no. SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O

Plagioclase

Ksud-2 (5) 50.58 (0.93) – 29.88 (0.57) 1.32 (0.25) – 0.20 (0.04) 14.49 (0.73) 3.23 (0.38)

Kudr-E-03 (3) 53.69 (2.4) – 27.74 (1.69) 1.44 (0.22) – 0.24 (0.04) 12.38 (1.51) 4.09 (0.72)

115a (1) 51.95 – 28.67 1.85 – 0.27 13.76 3.17

Clinopyroxene 

Ksud-2 (4) 45.53 (1.78) 1.58 (0.16) 7.37 (1.93) 14.51 (1.63) 0.31 (0.08) 10.92 (2.2) 19.12 (3.62) 0.40 (90.12)

Kudr-E-03 (2) 48.74 (0.14) 1.32 (0.32) 2.91 (0.19) 17.74 (0.46) 0.55 (0.02) 12.86 (0.22) 15.23 (0.40) 0.27 (0.19)

115a (1) 48.11 0.99 4.98 17.22 0.47 14.78 12.91 0.12

Titanomagnetite

Ksud-2 (2) 0.59 (0.34) 7.73 (0.95) 3.92 (1.09) 83.70 (2.19) 0.57 (0.06) 1.39 (0.28) 0.20 (0.08) –

Kudr-E-03 (2) 0.25 (0.09) 11.51 (6.63) 3.55 (1.90) 78.87 (4.52) 0.44 (0.04) 2.97 (0.74) 0.17 (0.08) –

Groundmass glass

Ksud-2 (3) 71.04 (0.94) 0.63 (0.28) 14.87 (0.26) 3.96 (1.04) 0.16 (0.02) 0.47 (0.24) 3.52 (0.35) 3.16 (0.20)

Kudr-E-03 (5) 61.23 (1.2) 1.90 (0.28) 11.29 (0.26) 12.54 (1.04) 0.27 (0.02) 2.02 (0.24) 6.50 (0.35) 2.74 (0.20)

Groundmass

Ksud-2 (8) 49.44 (0.53) 0.80 (0.12) 18.16 (2.10) 10.29 (1.96) 0.18 (0.06) 4.87 (1.42) 11.42 (1.62) 2.41 (0.31)

Kudr-E-03 (1) 55.75 1.67 15.16 11.18 0.25 2.84 8.02 3.11

115a (2) 51.10 (0.31) 0.80 (0.08) 15.45 (0.07) 12.97 (0.78) 0.25 (0.02) 7.99 (0.00) 9.43 (0.21) 1.60 (0.11)

Andesite mantle around allivalite

Kudr-E-03 (2) 62.73 (0.06) 0.96 (0.11) 15.45 (0.11) 7.55 (0.01) 0.11 (0.04) 1.87 (0.14) 6.62 (0.10) 3.26 (0.19)

Sample no. K2O Cr2O3 NiO P2O5 S Cl Total Mg# or An 
mol %

Plagioclase

Ksud-2 (5) 0.04 (0.03) – – – – – 99.74 71.3 (3.4)

Kudr-E-03 (3) 0.09 (0.02) – – – – – 99.69 62.5 (6.8)

115a (1) 0.03 – – – – – 99.75 70.6

Clinopyroxene  

Ksud-2 (4) – – – – – – 99.74 57.0 (4.3)

Kudr-E-03 (2) – – – – – – 99.63 56.4 (1.1)

115a (1) – – – – – – 99.58 60.5

Titanomagnetite

Ksud-2 (2) – 0.08 (0.12) 0.51 (0.04) – – – 98.69

Kudr-E-03 (2) – 0.16 (0.03) 0.49 (0.09) – – – 98.42

Groundmass glass

Ksud-2 (3) 1.37 (0.08) – – 0.33 (0.12) 0.03 (0.04) 0.40 (0.13) 99.95

Kudr-E-03 (5) 0.82 (0.08) – – 0.22 (0.12) 0.07 (0.04) 0.21 (0.13) 99.81

Groundmass

Ksud-2 (8) 0.25 (0.04) – – 0.09 (0.06) 0.13 (0.07) 0.14 (0.06) 98.18

Kudr-E-03 (1) 0.45 – – 0.10 0.15 98.68

115a (2) 0.07 (0.03) – – 0.07 (0.01) 0.07 (0.03) 0.04 (0.00) 99.82

Andesite mantle around allivalite

Kudr-E-03 (2) 0.97 (0.08) – – 0.24 (0.04) 0.07 (0.01) 0.08 (0.02) 99.91
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The calculated melt compositions correspond in gen-
eral to the fields of the groundmass of allivalites
(Fig. 9). The contents of MgO, CaO, and Al2O3 are pos-
itively correlated with the forsterite mole fraction of the
host olivine, whereas SiO2 shows the opposite trend.
This is in good agreement with the suggested simulta-
neous crystallization of olivine and plagioclase.

Temperatures of Allivalite Formation

Crystallization temperatures were estimated from
the equilibrium between melts in the inclusion and host
olivines using the olivine–melt model of Danyushevsky
(2001) at an oxygen fugacity of NNO + 1 and 3.0–
3.5 wt % H2O. The calculated temperatures range from
970 to 1080°C (Table 8) and are significantly lower
than the temperatures experimentally obtained by Sely-
angin (1975) for melt inclusions in minerals from the

allivalites of Malyi Semyachik Volcano (1430–
1180°C). We managed to attain the complete homoge-
nization of a melt inclusion in olivine from allivalite
sample 115a (Golovnin Volcano) in a thermometric
experiment with a visual control at a temperature of
1243 ± 10°ë (sample was kept at T > 1000°ë for
6 min). The higher (compared with the calculated val-
ues) experimental temperatures could be related to a
significant loss of water from the inclusion during the
experiments. However, the appearance of magnetite,
which usually accompanies water loss during experi-
ments, was never observed. Thermometric experiments
were carried out under visual inspection with 16 inclu-
sions in olivine from sample C-305/7 (Zavaritskii Vol-
cano). Complete homogenization was observed in
seven experiments at temperatures of 1107–1132°ë.
Frolova et al. (2000) reported homogenization temper-
atures of 1050–1100°ë for some melt inclusions in

Table 5.  Compositions of minerals from crystallized melt inclusions, wt %

Compo-
nent

Clinopyroxene Amphibole Pl

C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 C-305/7 115a Ks-3 C-305/7

SiO2 38.59 39.26 38.79 39.59 38.76 39.49 37.53 38.79 39.41 39.65 39.38 48.92 42.08 46.87

TiO2 1.74 1.56 1.43 1.51 1.42 1.58 2.43 1.74 1.68 1.18 1.31 1.22 1.55 –

Al2O3 15.26 14.23 16.10 13.45 14.67 14.30 15.07 14.54 17.34 15.19 15.24 15.86 17.02 33.94

FeOtot 17.00 16.94 17.78 17.49 18.01 15.37 16.64 16.67 19.04 19.03 19.10 16.75 18.80 1.10

MnO 0.14 0.33 0.14 0.25 0.43 0.12 0.14 0.32 0.29 0.25 0.23 0.56 0.24 –

MgO 5.34 6.03 6.50 6.07 5.73 6.07 5.34 5.55 7.74 8.04 7.22 3.71 7.46 0.33

CaO 21.26 21.14 17.77 20.24 19.35 22.24 21.86 21.48 11.49 14.58 15.71 12.75 11.07 17.83

Na2O 0.03 0.11 0.83 0.38 0.80 0.19 0.22 0.13 1.97 1.16 1.19 0.25 2.19 1.46

K2O – – – – – – – – 0.14 0.10 0.06 0.44 – 0.01

Total 99.4 99.6 99.4 99.0 99.2 99.4 99.2 99.2 99.1 99.2 99.4 100.5 100.4 101.5

Mg# or An 
mol %

35.9 38.8 39.5 38.2 36.2 41.3 36.4 37.2 42.0 42.9 40.2 28.3 73.6 87.1

Si 1.498 1.517 1.490 1.539 1.500 1.523 1.458 1.506 5.769 5.955 6.005 7.182 6.055

Ti 0.051 0.045 0.041 0.044 0.041 0.046 0.071 0.051 0.185 0.133 0.150 0.135 0.168

AlIV 0.502 0.483 0.510 0.461 0.500 0.477 0.542 0.494 2.231 2.045 1.995 0.818 1.945

AlVI 0.197 0.165 0.218 0.155 0.169 0.172 0.148 0.172 0.761 0.644 0.744 1.926 0.940

Fe3+ 0.206 0.235 0.271 0.246 0.308 0.227 0.268 0.230 0.914 0.087 0.000 0.000 0.645

Fe2+ 0.346 0.313 0.300 0.323 0.275 0.268 0.273 0.311 1.417 2.304 2.436 2.056 1.617

Mn 0.005 0.011 0.005 0.008 0.014 0.004 0.005 0.011 0.035 0.032 0.030 0.070 0.029

Mg 0.309 0.348 0.372 0.352 0.330 0.349 0.309 0.321 1.688 1.801 1.640 0.813 1.601

Ca 0.884 0.875 0.731 0.843 0.802 0.919 0.910 0.894 1.801 2.346 2.566 2.005 1.706

Na 0.002 0.008 0.062 0.029 0.060 0.014 0.016 0.010 0.558 0.337 0.352 0.072 0.611

K 0.002 – 0.003 0.001 – – – – 0.026 0.020 0.012 0.082 –

O 6 6 6 6 6 6 6 6 23 23 23 23 23

Cations 4 4 4 4 4 4 4 4 13 13 13 13 13

Ts, % 50.2 48.3 51.0 46.1 50.0 47.7 54.2 49.4

Note: Pl is plagioclase, and Ts, % is the fraction of the Tschermak component in clinopyroxene composition.
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Table 6.  Compositions of melt inclusions in olivine, wt %

 Sample 
no.

Inclusion 
no. SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 H2O Fo,

mol %
Inclusion 
size, µm

Si-5 Ci11-G1 50.50 0.90 18.79 11.27 0.15 3.81 12.24 2.02 0.14 0.17 78.7 60
Ks-1 G17-1 48.94 0.72 14.06 15.64 0.50 8.45 9.57 1.89 0.16 0.06 75.2 60
Ks-1 18-1G 50.28 0.85 15.55 14.61 0.47 4.69 11.06 2.17 0.21 0.11 75.8 59
Ks-1 G20-1 49.45 0.63 13.85 14.65 0.44 10.13 9.07 1.38 0.32 0.09 75.6 105
Ks-1 G21-1 49.79 0.72 14.84 14.77 0.44 7.27 10.16 1.59 0.24 0.19 75.6 57
Ks-1 G22-1 49.63 0.80 14.16 15.65 0.27 7.98 9.77 1.44 0.27 0.04 75.7 60
Ks-1 G22-2 49.64 0.77 15.17 15.37 0.23 6.90 10.13 1.43 0.28 0.08 75.9 50
Ks-1 G-32-1 51.94 0.90 15.77 14.02 0.46 3.82 10.83 2.00 0.21 0.06 75.3 42
Ks-1 G32-2 53.01 1.09 17.44 12.03 0.27 1.80 11.78 2.27 0.22 0.08 74.9 21
Ks-1 G33-1 50.36 0.75 15.21 14.46 0.41 6.66 10.15 1.66 0.25 0.10 76.0 40
Ks-1 G33-2 49.50 0.72 14.84 14.93 0.33 7.73 9.80 1.69 0.33 0.14 75.7 75
Ks-1 G34-1 50.73 0.81 14.98 14.70 0.38 5.41 10.78 1.91 0.20 0.10 3.00 75.2 60
Ks-1 G34-2 51.08 0.92 16.08 14.23 0.36 3.36 11.24 2.53 0.12 0.10 75.5 30
Ks-1 G35-1 51.15 0.82 14.97 14.76 0.38 5.24 10.45 1.96 0.21 0.06 3.11 75.4 55
Ks-1 G36-1 49.04 0.70 13.75 15.17 0.41 9.72 9.26 1.17 0.56 0.23 75.4 80
Ks-1 G37-1 51.04 0.73 15.24 14.75 0.38 4.63 10.98 2.00 0.22 0.04 3.00 75.4 55
Ks-1 G38-1 49.67 0.82 14.88 14.52 0.45 7.83 9.72 1.51 0.44 0.16 75.2 55
Ks-1 G38-2 50.23 0.66 15.35 13.81 0.24 7.32 9.79 1.94 0.56 0.10 75.7 55
Ks-1 G-39-1 50.34 0.67 13.97 13.95 0.28 9.76 8.74 1.80 0.37 0.12 74.9 110
Ks-3 G-40-1 49.50 0.75 16.30 12.54 0.10 7.35 11.30 1.85 0.24 0.07 80.2 65
Ks-3 G-42-1 49.99 0.89 18.60 11.00 0.28 4.08 12.27 2.41 0.37 0.11 79.7 40
Ks-3 G29-1 49.38 0.94 18.18 11.55 0.16 4.63 12.17 2.55 0.29 0.16 80.7 40
Ks-3 G30-3 50.19 1.01 16.79 11.61 0.17 6.66 11.09 2.08 0.24 0.16 80.1 60
Ks-3 G44-1 48.93 0.59 17.83 10.64 0.36 8.57 11.12 1.65 0.19 0.12 80.6 60
Ks-3 G47-1 49.59 0.96 16.74 11.71 0.25 7.31 11.21 1.78 0.24 0.21 2.92 80.2 60
Ks-3 G51-1 49.07 0.68 15.94 12.05 0.32 8.78 10.65 1.96 0.24 0.30 80.6 60
C-305/7 M1 47.05 0.79 16.82 17.48 0.24 4.48 11.38 1.40 0.13 0.23 79.0
C-305/7 M2 48.33 0.87 19.35 14.07 0.24 1.99 13.10 1.76 0.16 0.13 79.0
C-305/7 M3 46.68 0.73 18.09 15.36 0.19 3.95 12.59 2.05 0.14 0.22 78.9
C-305/7 M4 48.09 0.76 17.54 14.96 0.15 4.17 12.05 1.97 0.12 0.19 79.4
C-305/7 M5 48.04 0.93 16.93 14.91 0.42 5.24 11.71 1.54 0.14 0.16 3.40 79.2
C-305/7 M6 49.59 0.86 20.68 11.44 0.19 3.79 11.48 1.65 0.19 0.13 82.3
C-305/7 M9 46.41 0.49 19.32 12.25 0.25 9.57 10.27 1.05 0.24 0.14 79.0
C-305/7 M10 48.41 0.83 15.74 14.80 0.05 7.10 10.80 1.93 0.10 0.24 3.02 78.8
C-305/7 M12 48.90 0.83 16.92 13.71 0.10 5.70 11.56 1.92 0.18 0.16 3.20 79.0
C-305/7 M13 48.43 0.96 17.72 14.59 0.18 4.02 11.83 1.92 0.15 0.20 78.8
C-305/7 M16 46.86 0.69 18.73 14.60 0.18 11.02 6.60 0.83 0.27 0.23 78.5
Kudr-E-03 KudrG67-1 50.82 0.94 20.10 10.77 0.35 2.37 11.98 2.22 0.26 0.20 77.0 30
Kudr-E-03 KudrG69-1 50.50 0.77 18.37 11.95 0.22 3.55 11.95 2.10 0.36 0.23 78.0 35
Kudr-E-03 KudrG71-1 49.98 0.76 17.43 13.10 0.30 5.15 11.21 1.73 0.17 0.17 3.28 78.5 90
Kudr-E-03 KudrG71-2 51.81 0.93 20.20 9.73 0.24 2.02 12.25 2.44 0.27 0.10 2.85 79.0 20
Kudr-E-03 KudrG71-3 51.05 0.89 18.48 11.64 0.27 3.26 11.73 2.31 0.24 0.15 78.5 40
Kudr-E-03 KudrG72-1 50.24 0.85 18.37 12.15 0.10 3.79 11.75 2.45 0.20 0.11 78.5 55
Kudr-E-03 KudrG72-2 50.87 0.82 17.83 10.57 0.47 5.88 10.69 2.20 0.47 0.21 78.3 30



PETROLOGY      Vol. 16      No. 3      2008

FORMATION CONDITIONS OF ALLIVALITES, OLIVINE–ANORTHITE CRYSTAL ENCLAVES 247

minerals from the same sample. The lowest homogeni-
zation temperatures for sample C-305/7 indicate good
preservation of inclusions in this sample with respect to
fluid components, which is supported by the high mea-
sured H2O contents (3.0–3.4 wt %) in the glasses of
these inclusions (Table 6).

DISCUSSION

Allivalite analyses were reported by many authors
(Bogoyavlenskaya and Erlikh, 1969; Volynets et al.,
1978; Dril’, 1988; Sheimovich, 1966; Selyangin, 1974;
Frolova et al., 2000). As can be seen in Fig. 10, the bulk
compositions of allivalites show considerable varia-
tions in the contents of essential components of olivine
and plagioclase, the main rock-forming minerals
(Al2O3, MgO, FeO, and CaO). Such variations are
attributed to substantial variations in olivine and plagio-
clase proportions in allivalite samples.

Many researchers (e.g., Frolova et al., 2000) pointed
out stable compositions of olivine and plagioclase in all
allivalites and distinguished the persistent assemblage
Fo78–81–An92–96. The investigation of a more representa-
tive collection showed that the stability of mineral com-
positions holds only for individual samples. For
instance, we studied several samples of allivalites from
Ksudach Volcano and observed variations in olivine
composition in any particular sample within 1–2% of
the forsterite component. However, the composition of
olivine varied among the samples from Fo81 to Fo75.
The composition of plagioclase ranged from An96 to
An89. In general, there is a positive correlation between
the forsterite mole fraction of olivine and anorthite
mole fraction of plagioclase from allivalites (Fig. 3).

Evidence for the Magmatic Origin of Allivalites

The presence of numerous primary melt inclusions
in olivine, plagioclase, and clinopyroxene (Frolova
et al., 2000; this study) unequivocally demonstrates
that the mineral of allivalites crystallized from a melt.
In addition to melt inclusions, the olivines contain solid
inclusions of plagioclase, clinopyroxene, chrome
spinel, and titanomagnetite; and the plagioclases con-
tain olivine inclusions. The presence of olivine inclu-
sions in plagioclase and plagioclase inclusions in oliv-
ine indicates their simultaneous crystallization.

The magmatic origin of the minerals of allivalites is
also suggested by the high contents of CaO in olivine
(0.1–0.3 wt %) and FeO* in plagioclase (0.5–1.85 wt %)
(Tables 2, 3). Olivine from mantle peridotites and meta-
morphic rocks contains less than 0.1 wt % CaO, as com-
pared with more than 0.15 wt % CaO in most magmatic
olivines (Simkin and Smith, 1970). The high contents of
CaO in olivine from allivalites (0.17–0.21 wt %) indicate
its crystallization from a melt. Similarly, the incorpora-
tion of Fe3+ in the structure of plagioclase is an indica-
tor for its magmatic origin. Figure 6 shows the fields of
plagioclase compositions from volcanic, intrusive, and
metamorphic rocks. The compositions of plagioclase
from allivalites fall within the field of magmatic plagio-
clases.

Revision of Hypotheses 
for the Origin of Allivalites

In general, allivalite are contrastingly different in
composition from their host rocks. They are signifi-
cantly enriched in Al2O3, CaO, and MgO but depleted
in SiO2 compared with island-arc volcanics (Fig. 10). It
can be supposed that such compositional differences

Table 6.  (Contd.)

 Sample no. Inclusion 
no. SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 H2O Fo,

mol %
Inclusion 
size, µm

115a 115a-G58 48.90 0.72 17.56 14.09 0.35 5.28 11.03 1.92 0.12 0.03 76.3 60
115a 115a-G59 49.43 0.82 19.26 12.60 0.17 3.15 12.29 1.97 0.11 0.22 76.5 45
115a 115a-G60 50.17 0.73 18.95 12.88 0.19 2.81 12.36 1.66 0.11 0.13 75.9 55
115a 115a-G55 50.04 0.85 19.75 11.81 0.35 2.51 12.77 1.74 0.08 0.10 76.0 40
115a 115a-G57 49.34 0.84 18.68 13.69 0.20 3.24 11.93 1.84 0.07 0.18 76.0 90
6636/gp-15 G104-1 57.67 0.87 17.14 10.20 0.31 1.73 8.53 3.18 0.16 0.21 71.1 45
6636/gp-15 G105-1 56.83 0.92 17.24 11.44 0.16 1.63 8.57 2.86 0.15 0.21 70.0 30
6636/gp-15 G105-2 55.40 0.82 16.44 12.72 0.37 2.84 8.42 2.64 0.23 0.13 69.8 40
6636/gp-15 G106-1 53.64 1.01 16.28 14.10 0.36 3.58 7.87 2.74 0.09 0.31 69.9 80
6636/gp-15 G111-1 56.47 0.91 17.09 12.06 0.34 2.04 8.07 2.67 0.21 0.13 70.2 50
6636/gp-18 G-114-1 49.48 0.76 16.65 13.93 0.06 5.95 11.63 1.31 0.10 0.13 78.0 100
6636/gp-18 G117-2 50.11 0.79 18.70 12.94 0.33 2.83 12.29 1.64 0.11 0.25 77.7 30
6636/gp-18 G-118-1 48.88 0.60 16.52 14.12 0.15 8.19 10.17 1.09 0.14 0.15 1.11 78.4 70

Note: The analyses were recalculated to anhydrous totals of 100%. Fo is the Mg# value of host olivine.
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Fig. 8. Illustration of the method for the determination of
the initial composition of cotectic melt trapped in inclusions
in olivine by the example of the average composition of
melt inclusions from sample Ks-1. (a) Calculated
pseudoliquidus temperatures of olivine (Ford et al., 1983)
and plagioclase (Ariskin et al., 1993) crystallization for the
compositions of melt in inclusions recalculated to various
initial FeO* (Danyushevsky et al., 2000) and water contents
in the melt (1 and 3 wt %). The liquidus temperatures were
corrected for the influence of water using the model of
Danyushevsky (2001). The cotectic compositions corre-
sponding to the identical psedoliquidus temperatures of the
minerals are shown by circles. The dashed arrow indicates
the shift of cotectic compositions toward lower FeO* con-
tents owing to an increase in the melt water content. (b)
Cotectic contents of ç2é and FeO* calculated using two
models (Danyushevsky, 2001; Al’meev and Ariskin, 1996).
The measured ç2é content in the melt (3 wt %) allows us
to estimate the initial content of FeO* as 9.5 wt % using the
model of Danyushevsky (2001) and, subsequently, the con-
tents of other components. The model of Al’meev and
Ariskin (1996) yielded a lower initial FeO* content of
7.5 wt %, which does not correspond to the compositions of
typical low-potassium basalts from Kamchatka and the
Kuril Islands (9–11 wt % FeO). The initial FeO* content
calculated by the model of Danyushevsky (2001) is in good
agreement with the rock compositions, and it was, there-
fore, used in our study. (c) Dependence of the temperatures
of cotectic crystallization on the content of FeO* at variable
ç2é content in the melt. The diagrams illustrate how the
contents of ç2é and FeO* in the cotectic melt can be used
to estimate the equilibrium temperature. The temperature
estimates based on various models (Danyushevsky, 2001;
Al’meev and Ariskin, 1996) are identical in this case.

are related to either the existence of a specific melt or
the processes of crystal fractionation with separation
and accumulation of olivine and plagioclase.

Some authors (e.g., Syvorotkin, 1996) supposed the
existence of a specific allivalite melt of ultramafic com-
position, which separated from a basaltic magma owing
to liquid immiscibility. Assuming such a mechanism, it
is difficult to explain the banded structures of some
allivalites, in which the boundaries of enclaves dis-
tinctly cut the banding. In this study, we showed that
melt inclusions in the minerals of allivalites correspond
to the compositions of basalts and are strongly different
from the bulk compositions of allivalites. Thus, the sup-
position of the existence of a specific melt producing
allivalites is discredited. The initial melts of allivalites,
the compositions of which were estimated from the
analyses of melt inclusions in olivine, form a common
trend with volcanic rock series (Fig. 10) and belong to
the same low-potassium island-arc tholeiite series.
They correspond to the most magnesian (least fraction-
ated) rock varieties with respect to all components
(except for Al2O3 and MgO). Such relationships
between the compositions of melts and volcanics indi-
cate that the olivine–plagioclase cumulates were
formed only during the earliest stages of melt fraction-
ation in a magma chamber.

Amma-Miyasaka and Nakagawa (2002) studied
allivalites from Miyakejima Volcano (Izu–Bonin island
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Table 7.  Cotectic compositions of melts in allivalites, wt %

Component
Ksudach Il'inskii Zavaritskii Kudryavyi Golovnin

Ks-1 Ks-3 Si-5 C-305/7 Kudr-E-03 115a 6636/gp-15  6636/gp-18

Average compositions of melt inclusions

SiO2 50.69 49.54 49.47 46.27 50.24 48.08 54.97 49.41

TiO2 0.81 0.80 0.88 0.82 0.84 0.77 0.87 0.72

Al2O3 15.33 16.34 18.41 18.87 18.49 18.27 17.15 17.26

FeOtot 14.38 11.25 11.04 14.53 11.30 12.62 12.23 13.64

MnO 0.37 0.26 0.15 0.24 0.28 0.24 0.33 0.18

MgO 6.16 6.68 3.73 6.05 3.68 3.29 2.07 5.65

CaO 10.38 12.32 11.99 10.18 11.53 11.71 8.63 11.34

Na2O 1.86 1.99 1.98 1.46 2.19 1.77 2.89 1.34

K2O 0.28 0.28 0.14 0.21 0.28 0.10 0.17 0.12

P2O5 0.11 0.21 0.17 0.22 0.17 0.13 0.19 0.18

Cr2O3 0.05 0.67 2.07 0.68 1.27 2.99 0.91 0.40

Total 100.41 100.33 100.03 99.53 100.25 99.98 100.41 100.24

Fo, mol % 75.5 80.3 78.7 79.3 78.2 76.1 70.2 78.1

An, mol % 92.9 93.7 89.6 94.4 94.1 96.2 94.4 96.2

Cotectic compositions for 3.0–3.5 wt % H2O

SiO2 52.47 50.42 50.17 47.18 50.21 49.22 54.98 50.47

TiO2 0.90 0.84 0.86 0.84 0.81 0.76 0.85 0.76

Al2O3 17.09 17.26 18.08 19.31 17.74 17.98 16.77 18.2

FeOtot 9.97 9.53 10.52 12.50 11.04 12.05 11.03 10.54

MnO 0.41 0.27 0.15 0.25 0.27 0.24 0.32 0.19

MgO 4.86 5.84 5.97 7.30 6.09 6.00 4.19 5.92

CaO 11.57 13.01 11.78 10.41 11.07 11.52 8.44 11.96

Na2O 2.07 2.10 1.94 1.49 2.10 1.74 2.83 1.41

K2O 0.31 0.30 0.14 0.21 0.27 0.10 0.17 0.13

P2O5 0.12 0.22 0.17 0.23 0.16 0.13 0.19 0.19

T (H2O) Dan 970 999 1003 1048 1018 1005 982 996

H2O calc (Dan) 3.2 3.0 3.3 3.0 3.0 3.2 3.2 3.21

Fe2O3 2.22 2.12 2.34 2.78 2.45 2.68 2.45 2.34

FeO 7.97 7.62 8.41 10.00 8.83 9.64 8.82 8.43

Note: Fo and An are the average Mg# of olivine and anorthite mole fraction of plagioclase for the particular sample; T(H2O) Dan is the
temperature of cotectic crystallization of olivine and plagioclase from the initial melt of allivalite calculated using the model of
Danyushevsky (2001); H2O calc (Dan) is the content of water in the cotectic melt; Fe2O3 and FeO are the calculated contents of
ferric and ferrous iron oxides in melt at an oxygen fugacity corresponding to NNO + 1.
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arc) and named them M-type crystal clots, i.e., mega-
cryst intergrowths. They noted traces of solid-state
deformation and recrystallization in them, including
kink-band structures in olivine, spherical shapes of oli-
vine inclusions in plagioclase, and obliteration of zon-
ing in plagioclases. These authors argued that such pro-
cesses require considerable time and could occur in the
cumulate layer of a magma chamber. In our opinion, the
obliteration of plagioclase zoning is hardly possible
because of the very low CaAl–NaSi diffusion coeffi-
cients in plagioclase (Grove and Baker, 1984). More-
over, in the allivalite samples studied by us, the compo-
sitions of solid inclusions of olivine in plagioclase and
plagioclase in olivine coincide with the compositions of
large grains. This suggests that the compositions of
minerals were not significantly affected by recrystalli-
zation. Amma-Miyasaka and Nakagawa (2002) sup-
posed that the allivalites are fragments of an individual
troctolitic intrusion. In such a case, the compositions of
melts in melt inclusions should have been more vari-
able and significantly different from the compositions
of volcanic rocks. In addition, the coexistence of iron-
rich olivine and calcium-rich plagioclase are not char-

acteristic of troctolite intrusions in general (e.g., Lun-
gaard et al., 2002).

Masurenkov (1974) evaluated the possibility of for-
mation of olivine–anorthite nodules via the recrystalli-
zation of xenoliths of amphibole-bearing country rocks
owing to the reaction of amphibole decomposition and
concurrent removal of sodium. This mechanism of
allivalite formation is in conflict with the abundance of
primary melt inclusions in allivalite minerals, small
variations in the compositions of trapped melts, and
their similarity to the compositions of volcanic series.
The replacement of xenoliths by an olivine–anorthite
aggregate would inevitably have resulted in the preser-
vation of relics of primary minerals and traces of reac-
tion replacement, including zoning and chemical varia-
tions in minerals. In such a case, the occurrence of host
rock xenoliths with rims of olivine–anorthite aggre-
gates should be expected.

Volynets et al. (1978) examined the suggestion of
the mantle origin of allivalites as residues after the der-
ivation of basaltic melts. The melting of mantle lherzo-
lites under island-arc mantle conditions must leave
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dunite–harzburgite residues, whereas the plagioclase
component must escape into the basaltic melt. The
island-arc mantle is characterized by high degrees of
melting (>20%), which corresponds to olivine compo-
sitions with forsterite mole fractions of at least Fo90,
whereas olivine Fo75–81 occurs in allivalites. Chrome

spinel is widespread in mantle rocks, whereas titano-
magnetite is typical of allivalites.

The model of early glomerophyric intergrowths
considered by Frolova et al. (1989) is not appropriate
for allivalite origin, because such intergrowths should
be immersed in a magma in equilibrium with them,
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whereas allivalites usually occur in more silicic rocks.
Solid-state deformation textures and banded structures
observed in some allivalites could not develop in crystal
clots immersed in a melt.

Volynets et al. (1978) supposed that allivalites were
formed on the walls of magma conduits and are frag-
ments of a peculiar vent facies. Some allivalites of peg-
matoid structure could probably form in such a way.
However, given the high temperature gradients and
rapid mineral growth, distinct mineral zoning and con-
siderable variation in mineral composition within a sin-
gle sample should be expected.

Frolova and Dril’ (1993) and Frolova et al. (2000)
proposed a cumulate origin for allivalites with the frac-
tionation of olivine–plagioclase cumulates during early
stages of evolution of low-potassium island-arc tholei-
ites. These authors suggested the existence of a com-
mon high-alumina and low-potassium primary melt,
which produced all of the volcanic series containing
allivalites. The hypothesis of the cumulate nature of
allivalites seems to be more plausible than the other
aforementioned hypotheses. It is supported by petro-
graphic observations and mass balance calculations
(Frolova and Dril’, 1993; Frolova et al., 2000; this
study). The obtained new comprehensive data on a
wide range of melt and mineral compositions and con-
ditions under which allivalites were formed can be used
to quantitatively evaluate the hypothesis of their cumu-
late origin.

Relationships of the Compositions of Allivalites, Melt 
Inclusions, Groundmass Glasses, and Volcanic Rocks

The compositions of melts from the inclusions plot
on the same trends as the intercumuls material and
groundmass glasses (Fig. 10), at its least differentiated
part (relatively high contents of MgO, FeOtot, CaO, and
Al2O3 and low SiO2 and Na2O). This indicates that the
cumulate layer retained portions of the melts from
which the minerals of allivalites crystallized, i.e., the
allivalite nodules could not be fragments of completely
crystallized intrusive rocks.

In order to check the cumulate nature of allivalites,
we performed mass balance calculations (Table 9),
which demonstrated that cumulates of the allivalite
composition could be produced from the initial melt
with the formation of a residual melt corresponding to
low-potassium tholeiites. The calculations were carried
out for the average compositions of allivalites, initial
melts, and fine-grained groundmass, which was consid-
ered as a proxy for the residual melt after the crystalli-
zation and accumulation of allivalite minerals. We used
56 bulk-rock analyses of allivalites from the literature,
17 compositions of intercumulus materials, and 31
recalculated compositions of melt inclusions in olivine
from allivalites.

The proportions of crystallized material and residual
melts vary significantly among the volcanoes. For

instance, the fraction of cumulates relative to the initial
melt may be up to 32% for Golovnin Volcano, 43% for
Zavaritskii Volcano, 35% for Ksudach Volcano, and
46% for Kudryavyi Volcano (Table 9).

The mass balance was calculated between the pri-
mary melt (estimated from melt inclusions in olivine)
on the one hand and minerals crystallizing in the
allivalites (olivine, plagioclase, clinopyroxene, and tita-
nomagnetite) and initial melt (interstitial material) on
the other hand. This balance reflects the degree of melt
fractionation during allivalite cumulation. The follow-
ing proportions were calculated for various volcanoes:
78 wt % melt + 3 wt % olivine + 15 wt % plagioclase +
2 wt % clinopyroxene + 2 wt % titanomagnetite for
Golovnin Volcano, 71 wt % residual melt + 1 wt % oli-
vine + 25 wt % plagioclase + 5 wt % clinopyroxene for
Ksudach Volcano, and 59 wt % melt + 9 wt % olivine +
29 wt % plagioclase + 8 wt % clinopyroxene + 2 wt %
titanomagnetite for Kudryavyi Volcano (Table 10).

The bulk compositions of allivalites are systemati-
cally different from the compositions of melts and show
lower contents of SiO2, K2O, Na2O, and TiO2 and
higher Al2O3, CaO, and MgO (Fig. 10). Some allivalite
compositions are similar to the melts with respect to all
components. These rocks are rich in clinopyroxene
and/or contain considerable amounts of groundmass
glass and are transitional between allivalites, gabbroid-
type enclaves, and porphyritic basalts. The difference in
FeO and TiO2 contents between the bulk-rock compo-
sitions of allivalites and the analyses of melts reported
here could be related to the separation of titanomagne-
tite during the formation of cumulate layers.

Using the Petrolog III program (Plechov and Dany-
ushhevskii, 2006), fractional crystallization of olivine
and plagioclase from melts trapped in the most magne-
sian olivines was modeled for each of the volcanoes
studied. The compositions of olivine and plagioclase
were calculated by the models of Danyushevsky (2001)
and Pletchov and Gerya (1998), respectively. The cal-
culations were stopped when the composition of the
most iron-rich olivine observed in allivalites from the
given volcano was attained. For the samples from Ksu-
dach Volcano, we obtained 35% of cumulate consisting
of 84.4 wt % plagioclase (An91.2) and 15.6 wt % olivine
(Fo78.6). The range of olivine composition Fo79–74 was
used for Golovnin Volcano, because allivalites with a
more ferriferous olivine described in this volcano con-
tain significant amounts of clinopyroxene. The calcula-
tions yielded 24% of cumulate consisting of 81.7 wt %
plagioclase (An94.7) and 18.3 wt % olivine (Fo75.7). The
considerable variations in mineral proportions in the
allivalites and the observed banded structures in some
samples can be explained by the accumulation of rhyth-
mically banded olivine–anorthite cumulates.
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Origin of the Structural Diversity of Allivalites

Many of the allivalite samples show signs of recrys-
tallization. The most spectacular in this respect are con-
centrically zoned allivalites from Kudryavyi Volcano
(Figs. 2b, 2d, 2f), which consist of a conspicuous
coarse-grained central zone surrounded by a finer
grained plagioclase–olivine aggregate. The composi-
tions of minerals from the central and marginal zones of
these samples are identical, and the differences are
restricted to textural and structural characteristics. In

our opinion, such a concentric zoning could be formed
by the recrystallization of the outer zone of a cumulate
fragment after its entrainment by the magma which
transported it to the surface. During the same stage, the
cumulate fragments could acquire spherical shapes.
This suggestion is supported by the lack of melt inclu-
sions in minerals from the recrystallized marginal
zones of the allivalites, whereas olivine and plagioclase
grains from the central zones contain large primary
partly crystallized melt inclusions. The concentrically

Table 9.  Mass balance relations between the parental melt of allivalites ('melt'), bulk compositions of allivalites ('allivalite'),
and compositions of intercumulus material ('intercumulus')

Phase Number 
of analyses

Frac-
tion 
of 

phase

SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O Total

Ksudach Volcano

Melt 31 1 50.35 0.83 16.89 9.93 0.25 6.67 12.74 2.05 0.29 100.00

Intercumulus 11 0.65 49.95 0.94 13.94 14.99 0.30 8.16 8.94 2.45 0.32 100.00

Allivalite 17 0.35 42.91 0.29 22.30 7.15 0.09 11.84 14.53 0.78 0.10 100.00

Calculated 
composition

47.51 0.71 16.85 12.27 0.23 9.44 10.88 1.87 0.24 100.00

Squared deviation 8.06 0.01 0.00 5.49 0.00 7.63 3.46 0.03 0.00 24.70

Zavaritskii Volcano

Melt 12 1 47.02 0.81 18.83 13.09 0.24 8.36 10.01 1.43 0.21 100.00

Intercumulus 3 0.57 53.11 0.84 16.23 10.62 0.22 4.31 11.55 2.86 0.25 100.00

Allivalite 11 0.43 42.88 0.15 23.56 7.27 0.11 10.87 14.54 0.61 0.02 100.00

Calculated 
composition

48.68 0.54 19.40 9.17 0.18 7.15 12.84 1.88 0.15 100.00

Squared deviation 2.77 0.07 0.32 15.37 0.00 1.46 8.05 0.21 0.00 28.26

Kudryavyi Volcano

Melt 7 1 49.98 0.78 17.20 11.61 0.30 7.07 10.77 2.03 0.26 100.00

Intercumulus 1 0.54 56.64 1.69 15.41 11.36 0.25 2.88 8.15 3.16 0.46 100.00

Allivalite 5 0.46 42.72 0.83 22.70 10.13 0.12 9.07 13.58 0.73 0.12 100.00

Calculated 
composition

50.20 1.29 18.78 10.79 0.19 5.74 10.66 2.04 0.30 100.00

Squared deviation 0.05 0.26 2.49 0.68 0.01 1.76 0.01 0.00 0.00 5.26

Golovnin Volcano

Melt 5 1 48.87 0.73 17.28 12.87 0.28 7.11 11.09 1.68 0.09 100.00

Intercumulus 2 0.68 51.28 0.81 15.50 13.01 0.25 8.01 9.47 1.60 0.07 100.00

Allivalite 1 0.32 43.67 1.19 17.20 16.04 0.19 6.41 13.92 1.20 0.16 100.00

Calculated 
composition

48.86 0.93 16.04 13.98 0.23 7.50 10.88 1.48 0.10 100.00

Squared deviation 0.00 0.04 1.53 1.23 0.00 0.15 0.04 0.04 0.00 3.04

Note: The “Calculated composition” is the sum of the initial compositions of allivalite and intercumulus in chosen proportions (shown in
bold) determined by minimizing the sum of the squared differences of component contents between the measured and calculated
melt compositions (shown in bold).
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zoned allivalites of Kudryavyi Volcano are surrounded
by an andesitic mantle (60–62 wt % SiO2) containing
large phenocrysts of clinopyroxene, magnetite, and
zoned labradorite, which are partly replaced by a cryp-
tocrystalline aggregate (Fig. 2l) containing up to 90–
95 wt % SiO2. The groundmass is made up of plagio-
clase, pyroxene, and magnetite microlites. The struc-
tural diversity of allivalites described above can be
explained by the following sequence of events:

(1) accumulation of cumulate layers in the magma
chamber with possible formation of banded structures;
(2) deformations of the cumulate layer with possible
formation of deformation textures and deformation
twins of plagioclase; (3) shattering of the cumulate
layer to separate blocks by the magma invading the
chamber; (4) entrainment of individual allivalite blocks
by magma convection, owing to which some of them
may be partly recrystallized and acquire spherical out-

Table 10.  Mass balance relations for the parental melts of allivalites ('melt'), their major minerals, and intercumulus materials
('intercumulus')

Mineral or melt
Fraction 

of mineral 
or melt

SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O Total

Golovnin Volcano

Olivine 0.03 38.60 0.03 0.01 22.01 0.37 38.65 0.16 0.14 0.02 100.00

Plagioclase 0.15 43.20 0.02 36.00 0.55 0.00 0.01 19.77 0.43 0.00 100.00

Titanomagnetite 0.02 0.20 7.66 4.94 83.60 0.24 3.23 0.00 0.12 0.01 100.00

Clinopyroxene 0.02 51.31 0.35 3.12 7.70 0.17 15.38 21.82 0.14 0.01 100.00

Intercumulus 0.78 51.28 0.81 15.50 13.01 0.25 8.01 9.47 1.60 0.07 100.00

Melt 1 48.87 0.73 17.28 12.87 0.28 7.11 11.09 1.68 0.09 100.00

Calculated 
composition

48.64 0.80 17.57 12.74 0.22 7.85 10.82 1.32 0.05

Squared deviation 0.05 0.00 0.08 0.02 0.00 0.54 0.07 0.13 0.00 0.90

Kudryavyi Volcano

Olivine 0.09 38.65 0.02 0.01 19.03 0.29 41.69 0.21 0.09 0.01 100.00

Plagioclase 0.22 44.69 0.01 34.53 0.70 0.04 0.07 19.27 0.67 0.01 100.00

Titanomagnetite 0.02 0.22 7.77 4.06 85.41 0.15 2.07 0.02 0.23 0.07 100.00

Clinopyroxene 0.08 46.72 1.55 6.05 13.33 0.24 11.52 20.26 0.31 0.02 100.00

Intercumulus 0.59 56.64 1.69 15.41 11.36 0.25 2.88 8.15 3.16 0.46 100.00

Melt 1 49.98 0.78 17.20 11.61 0.30 7.07 10.77 2.03 0.26 100.00

Calculated 
composition

50.37 1.28 17.18 11.45 0.21 6.59 10.61 2.04 0.28

Squared deviation 0.15 0.25 0.00 0.03 0.01 0.23 0.03 0.00 0.00 0.70

Ksudach Volcano

Olivine 0.01 39.04 0.03 0.01 18.57 0.35 41.60 0.21 0.18 0.02 100.00

Plagioclase 0.25 43.62 0.02 35.65 0.60 0.05 0.06 19.37 0.62 0.01 100.00

Titanomagnetite 0.05 48.89 1.00 4.77 10.19 0.24 13.35 21.29 0.25 0.01 100.00

Clinopyroxene –0.02 0.60 7.86 3.98 85.14 0.58 1.42 0.21 0.21 0.00 100.00

Intercumulus 0.71 49.95 0.94 13.94 14.99 0.30 8.16 8.94 2.45 0.32 100.00

Melt 1 49.93 0.64 19.21 9.62 0.39 6.20 12.00 1.80 0.20 100.00

Calculated 
composition

49.31 0.54 19.05 9.55 0.23 6.88 12.31 1.90 0.23

Squared deviation 0.39 0.01 0.03 0.01 0.03 0.45 0.10 0.01 0.00 1.02
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lines; and (5) transportation of allivalites to the surface
during large explosive eruptions.

Crystallization Conditions and Compositions 
of Initial Melts

Temperatures of 970−1080°ë were calculated for
the formation of allivalites via simultaneous crystalliza-
tion of olivine and plagioclase from a melt (Tables 7, 8).
The crystallization occurred under relatively oxidizing
conditions at  values approximately one order of
magnitude above the Ni–NiO buffer equilibrium
(∆NNO = +1), which was estimated above on the basis
of chrome spinel composition (Fig. 5). The available
data do not allow us to precisely determine the total
pressure of crystallization, but it was presumably about
1 kbar, which corresponds to the conditions of melt sat-
uration with a water-dominated fluid at the measured
melt ç2é content (3.0–3.5 wt %) (Moore et al., 1998).

The highest temperatures of 1050–1085°ë were
obtained for the melts of allivalites from Zavaritskii
Volcano (MgO ~ 7.3 wt %), and the lowest, for allivalites
with relatively Fe-rich olivine (Fo < 76 mol %) from
Ksudach (970−985°ë) and Golovnin volcanoes
(MgO ~ 4–5 wt %, 990−1020°ë). The anorthite mole
fraction of plagioclase in allivalites from a particular
volcanic center (for instance, Golovnin or Ksudach)
decreases with decreasing temperature and MgO con-
tent in accordance with the expected effect of the simul-
taneous crystallization of plagioclase and olivine. How-
ever, there is no general correlation between the com-
position of plagioclase and MgO content in the initial
melts of allivalites. The most calcic plagioclase occurs
in Golovnin Volcano; intermediate compositions were
observed in Ksudach, Zavaritskii, and Kudryavyi vol-
canoes; and the least calcic plagioclase was reported
from Il’inskii Volcano. The reasons for the variations in
plagioclase composition are not fully understood and
could be related to both systematic variations in the ini-
tial contents of major elements in the melts (Si, Al, Ca,
and Na) and variable amounts of ç2é (Panajaswat-
wong et al., 1995; Pletchov and Gerya, 1998). The elu-
cidation of the nature of these variations is a topic for
future research.

The average compositions of initial melts for the
samples studied are strongly variable. All of the melts
show a strong positive correlation between the contents
of MgO (4.2–7.3 wt %) and Al2O3 (16.8–19.3 wt %)
and negative correlations between MgO, SiO2 (47.2–
55.0 wt %), and Na2O (1.4–2.8 wt %). The contents of
FeO (9.5–12.5 wt %) and CaO (8.4–13.1 wt %) show
no systematic variations with MgO. For individual vol-
canoes, the FeO content of melt remains approximately
constant, while CaO decreases with decreasing MgO.
In individual volcanic centers, the contents of TiO2 and
K2O increase with decreasing MgO. The melts of
Golovnin Volcano show the maximum TiO2 and K2O

f O2

depletion. Low K2O contents are also characteristic of
Il’inskii Volcano.

The compositions of the initial melts of allivalites
are closely similar to those of basalts and basaltic
andesites of the low-K series of Kamchatka and the
Kuril Islands, which indicates their certain genetic rela-
tion and formation through the evolution of common
parental magmas, whose compositions were somewhat
different for different volcanoes. The compositions of
the initial melts of allivalites evolve toward SiO2
enrichment and MgO depletion and can be parental for
typical andesites (Fig. 10).

Mass balance calculations for the allivalite samples
from Golovnin and Ksudach volcanoes showed that the
liquid lines of descent can be explained by the simulta-
neous crystallization of olivine, plagioclase, pyroxene,
and magnetite in the proportion 4 : 20 : 12 : 3, which is
close to the observed relative abundances of the miner-
als in the allivalites. The modeling of fractional crystal-
lization showed the possibility of formation of cumu-
lates with similar proportions of olivine and plagio-
clase. Relative to the initial mass of primitive melt, the
amount of the cumulate is 22–32% for Golovnin Vol-
cano and 29–35% for Ksudach Volcano.

Thus, it can be concluded that allivalites are prod-
ucts of the early crystallization of olivine, plagioclase,
magnetite, and clinopyroxene from relatively primitive
(6.0–7.5 wt % MgO) initial magmas, which resulted in
the formation of typical low-K andesite series of Kam-
chatka and the Kuril Islands.

Allivalites are formed by the crystallization, separa-
tion, and deformation of olivine–plagioclase cumulates
in magma chambers followed by the destruction of the
cumulate layers and transportation of the resulting nod-
ules by pyroclastic surges of silicic composition. A con-
siderable time period is needed for the sequential
occurrence of these processes. As was noted above, all
of the findings of allivalites were restricted to long-
lived volcanic centers, whose magma chambers could
operate for tens of thousand years. Amma-Miyasaka
and Nakagawa (2002) attempted to estimate the time
assuming a diffusion-related obliteration of zoning in
plagioclases. They estimated that zoning can be obliter-
ated over a distance of 100 µm in 10 kyr. As the
unzoned plagioclase grains from the allivalite samples
studied by us are up to 15 mm in size, the time neces-
sary to obliterate the primary zoning is evidently
greater than the life-time of even long-lived volcanic
centers. Thus, the plagioclases were inherently
unzoned, which requires large volumes of magmatic
melt and stable conditions in the magma chamber.

Mass balance and thermodynamic calculations
showed that clinopyroxene had to cocrystallize with
olivine and plagioclase. However, clinopyroxene is rare
in allivalites, which indicates efficient separation of cli-
nopyroxene during the formation of cumulate layers.
The mechanisms and dynamics of this separation are
not clear. Ermakov and Pecherskii (1989) distinguished
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a gabbro–allivalite association of cognate enclaves with
variable mineral compositions, which were combined
on the basis of the presence of anorthite. Perhaps, the
investigations of other rocks of this association will
provide a better insight into the formation of cumulate
layers. Another unsolved question is why the condi-
tions of allivalite formation were attained only in the
volcanic centers of front arc areas. It is conceivable that
this is related to the specific features of the fractionation
of low-K island-arc series, which are confined to the
volcanic front. However, the formation of low-K melts
and the dynamics of their fractionation require further
investigations.

CONCLUSIONS

(1) Silica-poor anorthite–olivine enclaves are frag-
ments of cumulates of low-potassium and water-rich
(3.0–3.5 wt % H2O) primary basaltic magmas. The
accumulation occurred in large-volume magma cham-
bers under relatively quiet conditions. In some cases,
these rocks experienced partial recrystallization either
directly in the cumulate layer or during their transpor-
tation toward the surface, which is responsible for the
observed structural diversity of allivalites.

(2) A quantitative method was proposed for the
determination of the compositions of initial melts of
olivine–plagioclase cumulate rocks on the basis of the
compositions of partly homogenized melt inclusions
and the contents of magmatic H2O in them. Using this
method, the initial compositions of parental allivalite
melts were reconstructed. Their crystallization
occurred at temperatures of 970–1080°ë under rela-
tively oxidizing conditions (∆NNO = +1) and close to
saturation with an aqueous fluid at pressures of ~1 kbar.

(3) The degree of fractionation of primary melts
during the formation of cumulate layers of allivalite
compositions varies from 22 to 46%. Perhaps, the range
of crystallization recorded in the compositions of
allivalites and melt inclusions corresponds to the early
stage of evolution of the parental low-K magmas. Their
subsequent evolution produced the strongly differenti-
ated series of low-K basalts, andesites, and dacites of
Kamchatka and the Kuril Islands.
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